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LIST OF FIGURES 
Figure 
1.1 
Schematic representation of the Grotthuss mechanism of proton 




Structure of an (A) Eigen cation (H3O
+) with four solvating water 
molecules, and (B) Zundel cation with four waters solvating the 
H5O2




Some examples of proton shuttling enzymes. (A) Bacteriorhodopsin 
(PDB ID: 2NTU15), (B) Cytochrome c oxidase (PDB ID: 3WG716), 
and (C) Carbonic anhydrase (PDB ID: 1TBT17). All three enzymes 




(A) Monomeric unit of PSII from Spinach at 3.2 Å resolution (PDB 
ID: 3JCU18) showing the cofactor-binding subunits and extrinsic 
subunits (D1, green; D2, magenta; CP47, yellow; CP43 blue; PsbO, 
orange; PsbP, red; PsbQ, olive). (B) Putative proton transfer 




Cofactor arrangement in the cyanobacterial reaction center. Amino 
acid residues, chlorophyll a (Chl a), pheophytin a (Pheo a), and 
quinones (QA and QB) responsible for photoinduced charge 




(A) S-state cycle29 of water oxidation. (B) Chloride binding sites in 
PSII (PDB ID: 4UB619). Metal ions: calcium, yellow; chloride, cyan; 




Spectroscopic methods employed to measure RIFT-IR spectra as a 




Chloride ions and their ligand environment. Bromide, nitrate and 
acetate were substituted at the chloride site. Below each ion, oxygen 
evolution rates, in µmol O2/(mg Chl.hr)





Structures of (A) sucrose and (B) trehalose used as cryoprotectants 




Photosynthetic water oxidation. (A) The OEC of cyanobacterial PSII 
and its predicted hydrogen-bonding network (PDB ID: 4UB6).9 
Amino acids are shown as sticks, water oxygens are shown as blue 
spheres, and hydrogen-bonding interactions are shown as dashed 
lines.  Residues from the PSII subunits, D1 and CP43, are shown in 
green and yellow, respectively. Mn4CaO5 cluster: calcium, yellow; 
22 
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manganese, gray; oxygen, red. (B) Flash-induced S-state cycle of 
photosynthetic water oxidation.12 (C) Schematic depiction of a 
cationic cluster of five water molecules, proposed to be produced 
during the flash-induced S1 to S2 transition.  (D) Schematic depiction 
of a cationic cluster of six water molecules, proposed to be produced 




Examples of uncorrected RIFT-IR spectra at 263 K. (A) Ca-PSII in 
H2
16O buffer, pL 7.5 during the S1 to S2 transition. (B) Laser flash-
induced background recorded using only CaF2 windows. (C) Ca-
PSII in D2
16O buffer, pL 7.5 during the S1 to S2 transition. Spectra 
are average 3-5 loops of (A) 12 and (C) 3 different samples. The 
background in (B) represents an average of 90 data sets and were 





RIFT-IR spectra (2,000-1,100 cm-1 region) of Ca-PSII in H2
16O 
(black), D2
16O (red), and H2
18O (blue) buffer, associated with the 
entire S-state cycle at pL 7.5 and 263 K.  In (A, F) S2-minus-S1 
spectrum, (B, G) S3-minus-S2 spectrum, (C, H) S0-minus-S3 
spectrum, and (D, I) S1-minus-S0 spectrum.  In (E, J), Data obtained 
from S1-minus-S1 spectra of respective samples.  Red labels, D2
16O 
(red); blue labels, H2
18O (blue). Each spectrum is an average of 3-5 





RIFT-IR spectra (3,200-1,750 cm-1 region) of Ca-PSII samples; 
spectra are associated with the entire S-state cycle at pL 7.5 and 263 
K.  Measurements were performed either in H2
16O buffer (A-E, 
black) or in H2
18O buffer (F-J, blue).  (A, F) S2-minus-S1 spectrum; 
(B, G) S3-minus-S2 spectrum; (C, H) S0-minus-S3 spectrum; and (D, 
I) S1-minus-S0 spectrum.  (E, J) Data obtained from the S1-minus-S1 
spectra of Ca-PSII samples.  Each spectrum is an average of 3-5 data 





RIFT-IR spectra of Ca-PSII (black or dark blue) and CD-PSII (gray 
or light blue) at 263 K and pL 7.5. Measurements were performed 
either in (A-E) H2
16O buffer or (F-J) H2
18O buffer.  CD-PSII 
generates an inhibited form of the S2-minus-S1 spectrum on the first 
flash.  (A, F) Ca-PSII S2-minus-S1 (black, dark blue) and CD-PSII 
(gray, light blue).  (B, G) Ca-PSII S3-minus-S2 (black, dark blue) and 
CD-PSII (gray, light blue).  (C, H) Ca-PSII S0-minus-S3 (black, dark 
blue) and CD-PSII (gray, light blue).  (D, I) Ca-PSII S1-minus-S0 
(black, dark blue) and CD-PSII (gray, light blue).  (E, J) Data 
obtained from the S1-minus-S1 spectra of respective samples.  Each 
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spectrum is an average of 3-5 loops obtained on (A-E, black) 12, (A-
E, gray) 6, (F-J, dark blue) 11 and (F-J, light blue) 5 different 




Expanded RIFT-IR spectra (3,200-1,800 cm-1 region), reproduced 
from Fig, 2A, C, F and H, associated with the S1 to S2 transition (A, 
B) and the S3 to S0 transition (C, D) either in H2
16O buffer (A, C, 
black) or H2
18O buffer (B, D, blue).  Gaussian fits to the data are 
shown superimposed in (A and B).  The black arrows in A and B 
illustrate the 18O isotope shift, assuming that the exchanged peak has 
two components.  The gray arrow in A and B illustrates the 18O 
isotope shift, assuming that the exchanged peak has one component.  




Expanded RIFT-IR spectra of Ca-PSII (black) and CD-PSII (gray) 
at 263 K and pL 7.5. Measurements were performed in H2
16O buffer. 
(A, B) Ca-PSII S2-minus-S1 (black) and CD-PSII (gray).  (C, D) Ca-
PSII S3-minus-S2 (black) and CD-PSII (gray).  In B, CD-PSII was 
given one flash.  CD-PSII is inactive in oxygen evolution but can 
form a modified S2 state.  In D, CD-PSII was given three flashes.  





RIFT-IR spectra (3,200-1,750 cm-1 region) of Ca-PSII samples 
associated with the entire S-state cycle at pL 7.5 and 263 K. 
Measurements were performed in D2
16O buffer at pD 7.5. The O-D 
stretching region is off scale and was omitted for clarity. (A) S2-
minus-S1 spectrum; (B) S3-minus-S2 spectrum; (C) S0-minus-S3 
spectrum and (D) S1-minus-S0 spectrum.  (E) Data obtained from the 
S1-minus-S1 spectrum.  Each spectrum is an average of 3-5 loops 






16O double difference spectra (1,800-1,100 cm-1 
region) derived from Ca-PSII. The spectra were recorded at 263 K 
and pL 7.5. In (A) S1 to S2 transition, (B) S2 to S3 transition, (C) S3 
to S0 transition, and (D) S0 to S1 transition. In (E), a control double 
difference generated by subtracting one half of a data set from the 




RIFT-IR spectrum (3,200-2,150 cm-1 region) of PSII-samples, 
associated with the S1 to S2 transition and acquired in H2
16O buffer, 
pL 7.5 at either (A) 263 K or (B) 283 K. Data in (A) reproduced from 
Fig. 2. The data were smoothed using a 17 point Savitzky–Golay 
algorithm. Each spectrum is an average of 3-5 data acquisition loops 





RIFT-IR spectrum (3,200-2,150 cm-1 region) of PSII-samples, 
associated with the S3 to S0 transition and acquired in H2
16O buffer, 
pL 7.5 at either (A) 263 K or (B) 283 K. Data in (A) reproduced from 
Fig. 2. The data were smoothed using a 17 point Savitzky–Golay 
algorithm. Each spectrum is an average of 3-5 data acquisition loops 




Putative proton exit pathway extending from the OEC to the lumen 
and involving the two chloride ions of cyanobacterial PSII (PDB ID: 
4UB6).9  The hydrogen-bonding network includes water molecules 
(blue spheres) and residues of PSII subunits: D1 (green), D2 
(magenta), CP43 (yellow), CP47 (blue), psbO (orange) and psbV 





(A) Chloride ions and amino acid residues located near the OEC.  
The structure was derived from cyanobacterial PSII. Water 
molecules involved in the predicted hydrogen-bonding network are 
blue spheres (PDB ID: 4UB610).  Amino acids are shown as sticks, 
and hydrogen-bonding interactions are dashed lines.  Residues from 
the PSII subunits, D1, D2 and CP43, are green, magenta and yellow, 
respectively. Mn4CaO5 cluster: calcium, yellow; chloride, cyan; 
manganese, gray; oxygen, red.  Oxygen evolution rates, in µmol 
O2/(mg Chl.hr)
-1, measured from Cl-PSII, Br-PSII and NO3-PSII, are 
shown below the representations of each ion.  (B) S-state cycle15 of 
photosynthetic water oxidation; the cycle is induced in PSII using 
laser flashes. The S1 to S2 transition is described in the present study. 
(C) Illustration of a cationic cluster of five water molecules, 
proposed to be formed during the S1 to S2 transition.  Color of atoms: 




RIFT-IR difference spectra (1900-1500 cm-1 region) of Cl-PSII 
samples accompanying the entire S-state cycle at pH 7.5 and 283 K. 
(A) S2-minus-S1 spectrum; (B) S3-minus-S2 spectrum; (C) S0-minus-
S3 spectrum; and (D) S1-minus-S0 spectrum.  (E) Data obtained from 
the S1-minus-S1 spectra of Cl-PSII samples. Each spectrum is an 
average of 5 loops of data collected using 12 different samples. (E) 
was collected as background from those 12 samples with three times 
the amount of data averaging used for (A-D). A 17-point smoothing 




RIFT-IR spectrum in the 4000-1000 cm-1 region associated with the 
S1 to S2 transition. Data acquired using Cl-PSII samples at 283 K in 
pH 7.5 buffer.  The data were smoothed using a 17 point Savitzky–
Golay algorithm. Each spectrum is an average of 60 data sets: 5 data 





Initial QM/MM model of the protonated water cluster and its 
environment. QM atoms represented as balls and sticks, MM atoms 
as sticks only, with the exception of Li, which was treated with MM 
but is represented as a sphere for convenience. The translucent atoms 
have incomplete valence and their coordinates are frozen to their X-
ray structure value. The water bearing the extra proton has been 
encircled and the oxygen changed to green. C in gray, N in blue, O 





Final QM model of the protonated water cluster and its environment. 
The translucent atoms coordinates are frozen for all optimizations. 
The predicted protonated cluster is shown inside the circle with the 
oxygen in green. Color of atoms: carbon, gray; nitrogen, blue; 
oxygen, red; hydrogen, white; manganese, orange; calcium, yellow; 





18O solvent exchange effects on a PSII infrared band as a function 
of temperature.  RIFT-IR difference spectra (3200-1750 cm-1 region) 
are associated with the S1 to S2 transition at pH 7.5.  S2-minus-S1 
spectra were recorded either at (A-B) 263 K or (C-D) 283 K.  
Samples: (A) PSII in H2
16O buffer; (B) PSII in H2
18O buffer; (C) Cl-
PSII in H2
16O buffer; and (D) Cl-PSII in H2
18O buffer.  Each 
spectrum is an average of (A, B) 5 and (C, D) 10 data acquisition 
loops acquired from (A) 12, (B) 11, (C) 16 and (D) 15 different 
samples. The data in (A, B) are reproduced from ref47.  In (A) and 
(B), Gaussian fits are shown as superimposed solid lines.  Data were 
fit with IGOR (Wavemetrics, Lake Oswego, OR) software.  Spectra 
in (A, B) were acquired at 8 cm-1 resolution; spectra in (C, D) were 




RIFT-IR spectrum of the (A) 3200-1750 cm-1 region and (B) 2000-
1000 cm-1 region associated with the S1 to S2 transition.  Data 
acquired using either (A, C) Cl-PSII or (B, D) Cl-depleted PSII 
(green) samples at 283 K in pH 7.5 buffer. In (B, D), the Cl-PSII 
spectrum from (A, C) has been overlaid for comparison (black dotted 
line).  The data were smoothed using a 17 point Savitzky–Golay 
algorithm. Each spectrum is an average of 5 data acquisition loops 




Anion substitution effects on a PSII infrared band at 283 K.  RIFT-
IR difference spectra (3200-2150 cm-1 region) are associated with 
the S1 to S2 transition at pH 7.5.  S2-minus-S1 spectra derived from 
samples: (A, black) Cl-PSII; (B, red) Br-PSII; (C, blue) 
14NO3-PSII; 
and (D, pink) 15NO3-PSII.  Each spectrum is an average of 5 data 
acquisition loops acquired from (A) 12, (B) 10, and (C and D) 8 
different samples. A 17-point smoothing has been applied to the data 
81 
xiii 
using the Savitzky–Golay algorithm.  Gaussian functions are shown 
superimposed as solid lines. Data were fit with IGOR (Wavemetrics, 
Lake Oswego, OR) software. 
Figure 
3.9 
Computed IR spectrum (3200-2200 cm-1 region) of the geometry 
optimized model in Fig. 2 containing either (A) chloride, (B) 





Normal mode analysis of the Cl-PSII model for (A) 2738 cm-1 (B) 
2824 cm-1 and (C) 3125 cm-1.  Atomic displacements are displayed 
as purple arrows. Color of atoms: carbon, gray; nitrogen, blue; 
oxygen, red; hydrogen, white; manganese, orange; calcium, yellow; 




Normal mode analysis of the Br-PSII model for (A) 2780 cm-1 (B) 
2903 cm-1 and (C) 3127 cm-1.  Atomic displacements are displayed 
as purple arrows. Color of atoms: carbon, gray; nitrogen, blue; 
oxygen, red; hydrogen, white; manganese, orange; calcium, yellow; 




Normal mode analysis of the NO3-PSII model for (A) 2690 cm
-1 (B) 
2836 cm-1 and (C) 3133 cm-1.  Atomic displacements are displayed 
as purple arrows. Color of atoms: carbon, gray; nitrogen, blue; 
oxygen, red; hydrogen, white; manganese, orange; calcium, yellow; 




(A) Hydrogen-bonding network extending from the OEC to the 
chloride ions.  The figure was created using the cyanobacterial PSII 
X-ray structure (PDB ID: 4UB62). Blue spheres represent water 
molecules involved in the predicted hydrogen-bonding network. 
Chloride ions are represented as cyan spheres. Amino acid residues 
are shown as sticks, and hydrogen-bonding interactions are 
represented by dashed lines.  Residues from the PSII subunits, D1, 
D2, and CP43 are green, yellow, and blue, respectively. Mn4CaO5 
cluster: calcium, yellow; manganese, gray; oxygen, red. (B) S-state 
cycle5 leading to photosynthetic water oxidation; the step-wise 
oxidation is achieved in PSII using laser flashes. The current study 




Effects of anion substitution on PSII at pH 7.5 and 283 K (1800-1200 
cm-1 region).  The S2-minus-S1 spectra were derived from (A, black) 
Cl-PSII; (B, red) Br-PSII; (C, blue) 
14NO3-PSII; and (D, pink) 
15NO3-
PSII.  Each spectrum contains the average of 5 data acquisition loops 





Overlay of RIFT-IR spectra (1800-1200 cm-1 region) associated with 
the S1 to S2 transition and effects of anion substitution at pH 7.5 and 
283 K.  Samples:  in (A, B, C, gray) Cl-PSII; in (A, red) Br-PSII; in 
(B, blue) 14NO3-PSII; and in (C, pink) 
15NO3-PSII.  Inset: Br-PSII 
spectrum (red) overlaid with Cl-PSII spectrum (gray) in the 1665-




RIFT-IR double difference spectra (1800-1200 cm-1 region) showing 
the effects of anion substitution on PSII at pH 7.5 and 283 K. Double 
difference spectrum associated with the S1 to S2 transition for (A) Cl-
minus-Br PSII; (B) Cl-minus-14NO3 PSII; and (C) Cl-minus-
15NO3 
PSII.  (D) represents a control double difference generated by 
subtracting one half of the Cl-PSII data set from the other half and 




RIFT-IR spectra associated with H2
18O solvent exchange in Cl-PSII 
at pH 7.5 and 283 K (1800-1600 cm-1 region).  The S2-minus-S1 
difference spectra are derived from: (A) Cl-PSII in H2
16O buffer; (B) 
Cl-PSII in H2
18O buffer; and (C) overlay of data shown in (A) and 
(B).  (D) represents the baseline before the first flash, as derived from 
the Cl-PSII samples. The red asterisk indicates the position of the 
1630 cm-1 band. Each spectrum is an average of 10 data acquisition 
loops acquired from (A) 16, and (B) 15 different samples.  Spectra 




Trehalose-induced changes during the S1 to S2 transition in nitrate-
substituted PSII at pH 7.5 and 283 K. RIFT-IR difference spectrum 
in the (A-D) 1800-1600 cm-1; and (E-H) 1600-1350 cm-1 region. S2-
minus-S1 difference spectra generated from (A, E, black) Cl-PSII 
samples in sucrose-containing buffer; (B, F, blue) 14NO3-PSII 
samples in sucrose-containing buffer; and (C, G, pink) 14NO3-PSII 
samples in trehalose-containing buffer. (D, H, black) represents the 
baseline before the first flash derived from Cl-PSII samples. Spectra 
in (A, B, E and F) are reproduced from Figure 2.  The boxed regions 




Trehalose and sucrose treatment of Cl-PSII and RIFT-IR spectra 
recorded at pH 7.5 and 283 K (1900-1200 cm-1).  S2-minus-S1 spectra 
are derived from Cl-PSII samples in (A) sucrose-containing buffer 
or (B) trehalose-containing buffer.  In (C), the baseline before the 
first flash is shown.  Each spectrum is an average of 5 data 




Effect of nitrate and trehalose on the Wn
+ infrared band at pH 7.5 and 
283 K (3200-1650 cm-1 region).  The S2-minus-S1 spectra are derived 
from samples: (A, black) Cl-PSII in sucrose-containing buffer; (B, 




in sucrose-containing buffer; and (D, green) 14NO3-PSII in trehalose-
containing buffer. Data were recorded at 8 cm-1 resolution. Each 
spectrum is an average of 5 data acquisition loops acquired from (A) 
15, (B) 8, (C) 8,  and (D) 9 different samples.  A 17-point smoothing 
has been applied to the data using the Savitzky–Golay algorithm.  
Bands from ferricyanide and ferrocyanide have been removed for 




Solvent-isotope effects on the Wn
+ infrared band at 283 K and pH 7.   
RIFT-IR spectra (3200-1650 cm-1) were derived from Cl-PSII in 
H2
16O (A and C, blue) or H2
18O (B and C, orange) buffer.  In (A, B), 
the total data set was randomly divided into two pools, each pool was 
averaged, and then the two sub-averages were superimposed to show 
reproducibility in this region.  In (C), the spectra derived from Cl-
PSII in H2
16O buffer (blue) and H2
18O buffer (orange) are 
superimposed to show solvent isotope effects.   Data in (A, B) were 
divided by √𝟐 to account for difference in the number of scans. Data 
were collected at 4 cm-1 resolution. A 17-point smoothing has been 
applied to the data using the Savitzky–Golay algorithm.  The data in 
(C) are reproduced from ref.11.  The inset shows an expanded view 
of Figure 4.9C, showing an example of solvent-isotope induced 
shifts, assignable to the Wn




Reproducibility of the Wn
+ band peak position in RIFT-IR spectra 
acquired from Cl-PSII (A-C) and the effect of trehalose treatment on 
RIFT-IR spectra derived from NO3-PSII (D).  The RIFT-IR spectra 
(3200-1650 cm-1 region) are associated with the S1 to S2 transition at 
pH 7.5 and 283 K.  Data were recorded from PSII in (A, B, green 
and black, and C, D, black) sucrose, (C, D orange) trehalose-
containing buffers. In (D), a trehalose-induced shift is observed in 
NO3-PSII.  In (A, B), the total data set derived from the Cl-PSII 
samples was randomly divided into four pools. Each pool was 
averaged, and then superimposed to establish the reproducibility of 
the center position of the Wn
+ band in the replicates. Each spectrum 
is an average of (A, B) 10 and (C, D) 5 data acquisition loops using 
(A, B) 15 total samples, (C, black) 15, (C, orange) 8, (D, black) 8, 
and (D, orange) 9 different samples.  Spectra in (A, B) were acquired 
at 4 cm-1 resolution; spectra in (C, D) were acquired at 8 cm-1 
resolution.  The infrared bands of ferricyanide/ferrocyanide have 




Proposed proton exit pathways extending from the OEC to the 
lumen.  The figure was generated from cyanobacterial PSII X-ray 
structure (PDB ID: 4UB62).  The pathways include residues of PSII 
subunits: D1 (green), D2 (yellow), CP47 (cyan), CP43 (blue), psbO 
(orange), and psbU (magenta). The pathways are also predicted to 
126 
xvi 
include chloride ions (cyan spheres) and water molecules (blue 
spheres). Hydrogen-bonding interactions are shown as dashed lines. 
(B) Residues that altered the amide bands in the infrared spectrum, 
as previously reported in site-directed mutagenesis studies.  Color 
scheme is the same as Figure 4.1. See Table 3 for more information. 
Figure 
5.1 
Structure of PSII and photosynthetic water oxidation. (A) Spinach 
PSII structure (PDB ID: 3JCU 11) showing the integral membrane 
spanning D1 (green), D2 (magenta), CP43 (marine), and CP47 
(yellow) subunits. The three extrinsic subunits PsbP (red), PsbQ 
(olive), and PsbO (orange) are also shown. (B) S-state cycle of water 
oxidation and release of molecular oxygen 12. (B, Inset) Structure of 
the OEC and ligand environment around the chloride ions (cyan 
(PDB ID:4UB6 9). (C) Schematic representation of acetate removing 
a proton from the protonated cluster of water molecules, designated 
Wn
+, during the S1 to S2 transition. The literature values for infrared 
frequencies are noted below the relevant species 18. (D) The two 
orientations of the acetate ion substituted at the chloride site 
predicated by QM after geometry optimization of the small model of 




Effect of chloride addition on the oxygen evolution activity of 
acetate-containing PSII samples. Three different acetate 
concentrations were tested, 40 mM (red), 100 mM (black), and 155 




Lineweaver-Burk analysis of data shown in Figure 5.2 141 
Figure 
5.4 
Acetate concentration dependence.   Effects of acetate substitution 
in PSII during the S1 to S2 transition at pH 7.5, 283 K. The RI-FTIR 
S2-minus-S1 spectrum is presented in the (A, B) 3200-1800 cm
-1, (C-
F) 1800-1500 cm-1), and (G-J) 1400-1200 cm-1 region. In (A, C, G), 
the anion concentration was maintained at 155 mM while in (B, E, I) 
it was maintained at 40 mM. Cl-minus-OAc double difference 
spectra at (D, H) 155 mM, and (F, J) 40 mM anion concentration.  
Five data acquisition loops were averaged for each spectrum from 
(A, C, G, black) 7, (A, C, G, orange) 10, (B, E, I, black) 11, and (B, 




Isotope labeling of acetate.  RIFT-IR spectra comparing the effects 
of 12C-acetate (black) and 13C-acetate (red) substitution during the S1 
to S2 transition at pH 7.5, 283 K. In (A, B), the 3200-1800 cm
-1 and 
in (C, D), the 1800-1200 cm-1 regions of the S2-minus-S1 spectrum 
are shown. (A, C) contained 155 mM acetate, and (B, D) contained 
40 mM acetate. (Inset) Data from (C) in the 1400-1250 cm-1 region. 
The 12C-acetate data are reproduced from Figure 2.  Each spectrum 
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contains the averaged data from five acquisition loops using (A, C, 




Acetate concentration dependence and Isotope-editing using 13C 
acetate.  Double difference spectra, constructed from the S1 to S2 
transition at pH 7.5, 283 K are shown.  In (A), 155 mM acetate-
minus-40 mM acetate; in (B), 12C acetate-minus-13C acetate at 155 
mM, and in (C), 12C acetate-minus-13C acetate at 40 mM.  In (D), the 
control double difference spectrum. To make the double difference 
spectra, S2-minus-S1 spectra were directly subtracted. The control 
double difference spectrum was generated by subtracting one half of 
the corresponding 12C-acetate containing PSII from the other half 




Full geometry optimized QM models for acetate substituted PSII. 
(A) MeMe model with Me group of acetate orientated towards the 
NH4
+ group mimicking D-K317. (B) OMe model where C=O group 
of acetate is oriented towards the adjacent NH4
+ ligand. The oxygen 
in green shows the water that accepts the extra proton in chloride 
containing models. Color of atoms: carbon, gray; nitrogen, blue; 
oxygen, red; hydrogen, white; manganese, orange; calcium, yellow; 




Predicted infrared spectrum (2000-1200 cm-1) region from the 
geometry-optimized model of the OEC containing (A) chloride and 
(B-E) acetic acid, formed after substitution of acetate at the chloride 
site. Figure 1D shows the two orientations of acetic acid, referred to 
as MeMe and OMe.  In (B and D), the OEC model contained 12C-
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After decades of study, the mechanistic details of photosynthetic oxygen evolution 
still remain unclear. It is an important outstanding problem in biological chemistry. 
Photosynthetic oxygen production in the reaction center, photosystem II, is responsible for 
the maintenance of aerobic heterotrophic life and is thus of intrinsic importance in 
biological chemistry. In photosystem II, sequential light-induced oxidations of the oxygen 
evolving Mn4CaO5 cluster drive water oxidation and produce molecular oxygen and 
protons.  The sequentially oxidized forms of this metal cluster are called the Sn states, 
where n refers to the number of oxidizing equivalents stored on the cluster. Efficient proton 
translocation and deprotonation of substrate water are critical for activity. Chloride, an 
essential cofactor, has been proposed to regulate proton transfer in the proton coupled 
electron transfer reactions (PCET) of the PSII OEC that accompany the S-state cycle. 
Chloride is an uncommon cofactor and is found in only a few enzymes besides PSII. 
Simulations have suggested that chloride exerts its effect by conformationally gating 
proton transfer and affecting the pKa of amino acid residues directly involved in this 
pathway. Reaction-induced FTIR difference spectroscopy allows for monitoring long lived 
structural changes that accompany each S state transition. The spectral signature of an 
intermediary protonated water cluster, peptide carbonyl groups, hydrogen bonding 
perturbations and anion exchange will be used to investigate proton transfer in PSII. 
Theoretical calculations will be used alongside experiments to investigate the mechanism 
of chloride dependence of PSII. Elucidating proton transfer events and the role of chloride 
will aid in the design of new biomimetic catalysts for harvesting solar energy.
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CHAPTER 1. INTRODUCTION 
1.1 Proton transfer reactions 
1.1.1 Grotthuss mechanism of proton-hopping 
Protons exhibit anomalously high mobility in water.1 It is approximately seven 
times that of a sodium ion, or about five times that of a potassium cation at room 
temperature. The first mechanism attempting to rationalize this discrepancy came from von 
Grotthuss.2 He proposed that water molecules play the role of intermediates in a stepwise 
proton-hopping mechanism. The excess proton moves from one water molecule to the next 
using the existing hydrogen bonded network in aqueous solutions (Figure 1.1).  
 
Figure 1.1 Schematic representation of the Grotthuss mechanism of proton transfer 
in aqueous solutions. 
1.1.2 Eigen or Zundel? 
The structure of the intermediary protonated water has been the subject of extensive 
debate.3-4 The two primary candidates have been proposed; the hydronium ion, H3O
+, also 
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referred to as the Eigen cation5, and the Zundel ion6, H5O2
+ (Figure 1.2). Both these ions 
are solvated by neighbouring waters connected by hydrogen bonds. In the gas phase, 
spectral signatures of both forms the Eigen and Zundel ions have been obtained.7 The size 
of the cluster, determined by the number of water molecules solvating the protonated core, 
dictates the structure adopted by the core. In aqueous solutions, the spectral signature of 
the Eigen cation was observed in an acid-base neutralization reactions8 and the Zundel 
cation in aqueous hydrochloric acid solutions.9 Computational studies have proposed an 
“Eigen−Zundel−Eigen” (EZE) mechanism for proton transport.3 
 
Figure 1.2 Structure of an (A) Eigen cation (H3O+) with four solvating water 
molecules, and (B) Zundel cation with four waters solvating the H5O2+ core. Colors of 
atoms: Oxygen (red), hydrogen (white). 
1.1.3 Enzymatic proton transfer in biology 
Proton transfer in proteins can occur by several mechanisms.  In a Grotthuss 
mechanism, proton transfer occurs between hydrogen bonded donor and acceptor pairs, 
through a free energy ladder, which favors directional transfer.  The donor and acceptor 
pairs may be amino acid side chains or internal water molecules.3 Alternatively, the proton 
transfer pathway may be regulated by a protein or chromophore-derived conformational 
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change, as in bacteriorhodopsin,10 yellow photoactive protein,11 and cytochrome c 
oxidase.12 It may also be regulated by water dynamics, as in bacteriorhodopsin,13 or by 
enhanced mobility of a proton-shuttling amino acid side chain, as in carbonic anhydrase.14  
In these cases, the rate of transfer through the pathway may be more adaptable and less 
sensitive to changes in thermodynamic driving force. Figure 1.3 shows the structures of 
some of these enzymes.  
 
Figure 1.3 Some examples of proton shuttling enzymes. (A) Bacteriorhodopsin (PDB 
ID: 2NTU15), (B) Cytochrome c oxidase (PDB ID: 3WG716), and (C) Carbonic 
anhydrase (PDB ID: 1TBT17). All three enzymes require proton transfer for activity.  
In photosynthetic oxygen evolution, proton transfer from the catalytic site to the 
lumen is necessary to maintain optimal activity.  Photosystem II (PSII) contains two 
potential proton transfer pathways containing hydrogen-bonded peptide carbonyl groups, 
amino acid side chains and internal water molecules (Figure 1.4). The mechanism of 
photosynthetic proton transfer will be investigated in this study. 
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Figure 1.4 (A) Monomeric unit of PSII from Spinach at 3.2 Å resolution (PDB ID: 
3JCU18) showing the cofactor-binding subunits and extrinsic subunits (D1, green; D2, 
magenta; CP47, yellow; CP43 blue; PsbO, orange; PsbP, red; PsbQ, olive). (B) 
Putative proton transfer pathways extending from the OEC to the lumen (PDB ID: 
4UB619)  
1.2 Photosynthetic oxygen evolution 
1.2.1 Photosystem II  
Photosystem II (PSII), the site of photosynthetic oxygen evolution, is a complex 
membrane protein comprised of both intrinsic transmembrane subunits along with extrinsic 
ones. Recently, a cryo EM structure of spinach PSII has been obtained.18 A PSII monomer 
is comprised of several integral membrane spanning subunits and three extrinsic subunits 
(Figure 1.4).18-20 The reaction center is made up of the primary subunits D1, D2, CP47 and 
CP43 which bind the redox active cofactors (Figure 1.5).  
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Figure 1.5 Cofactor arrangement in the cyanobacterial reaction center. Amino acid 
residues, chlorophyll a (Chl a), pheophytin a (Pheo a), and quinones (QA and QB) 
responsible for photoinduced charge separation across the membrane bilayer (PDB 
ID: 4UB619). 
Reaction is initiated by light-induced charge separation across the membrane 
bilayer. An accessory chlorophyll molecule, Chlacc(D1), absorbs light energy and transfers 
it to the reaction center (Figure 1.5).
21  An electron is lost from the excited state of Chlacc(D1) 
to the intermediate acceptor pheophytin (Pheo). The hole on Chlacc(D1)
+ moves to the 
dimeric cholorophyll, P680. The radical pair, P680
+/Pheo- is thereby generated. It is stabilized 
through oxidation of Pheo- by a bound plastoquinone acceptor, QA
 and reduction of P680
+ 
by the redox-active tyrosine, YZ (Y161 of D1 polypeptide).
22 The neutral tyrosyl radical, 
YZ
●, is a powerful oxidant and oxidizes the oxygen evolving complex (OEC).23 The 
terminal electron acceptor in PSII is a second plastoquinone molecule, QB which reduces 
QA. A doubly reduced QB (QB
-2) is generated by two complete rounds of electron transfer 
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in the reaction center. QB
-2 then exits the QB site and is subsequently replaced by a fully 
oxidized QB molecule.
24   
1.2.2 Oxygen evolving complex and S-state cycle of water oxidation  
A Mn4CaO5 cluster constitutes the oxygen evolving complex (OEC) (Figure 1.6)
20.  
Four sequential photooxidations of this cluster generates oxygen.25 Oxygen evolution 
oscillates with period four. These oxidized states of the OEC are termed Sn states, where 
n=0-4 (Figure 1.6). A single flash of light oxidizes the OEC from the dark-adapted S1 state 
to S2.
26 The next flash promotes the OEC to the S3 state. S4 is a transient metastable state
27. 
The OEC proceeds to the S0 state directly from S3 during the next photooxidation event. 
Substrate water oxidation accompanies this transition and the OEC gets restored to its most 
reduced (S0) state. Proton release occurs concomitantly with the oxidations of the OEC. 
The liberated protons are transported to the interior lumen of the thylakoid membrane.  The 
stoichiometry of proton release determined experimentally is 1:0:1:2 (Figure 1.6A)28. 
 
Figure 1.6 (A) S-state cycle29 of water oxidation. (B) Chloride binding sites in PSII 
(PDB ID: 4UB619). Metal ions: calcium, yellow; chloride, cyan; iron, brown; 
magnesium, white; manganese, gray; oxygen, red.  
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1.3 Reaction-induced FTIR difference spectroscopy 
Reaction-induced infrared difference spectroscopy technique has the capability to 
reveal detailed structural information about proteins that precludes the need for invasive 
labeling.30 It yields information about the conformational and chemical state of the 
molecules present in a system of interest by monitoring bond vibrations.31-32  To detect 
conformational changes at the single amino acid level, reaction induced FT-IR (RIFT-IR) 
spectroscopy is employed.33 The high signal to noise ratio and internal frequency 
calibration permits accurate background subtraction. This technique can be effective for 
monitoring photoinduced reactions in PSII. 
 
Figure 1.7 Spectroscopic methods employed to measure RIFT-IR spectra as a 
function of S state. Green arrows depict 532 nm flashes (7 ns).34 
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In PSII, short nanosecond laser pulses can be used to progress the system through 
different S-states.35-36 The difference between the spectra associated with the two states is 
then analyzed (Figure 1.7). Electron transfer along the reaction center in PSII occurs on the 
microsecond to millisecond time scale.37  In our experiments, difference FTIR spectra 
reflect structural changes at the oxygen-evolving complex that persist on the seconds time 
scale. These long-lived structural changes are likely attributable to be changes in hydrogen-
bonding, electrostatics, polarity, and backbone conformation of PSII.38 Each difference 
spectrum generated therefore reflect structural changes occurring on transition from Sn to 
Sn+1. These transitions are triggered by 532 nm laser flashes. Thus flash-induced FTIR 
spectroscopy is extremely well-suited to study structural changes that occur in PSII. 
1.4 Probes for photosynthetic proton transfer 
1.4.1 The essential cofactor chloride 
Chloride ions have been found to be necessary for optimal oxygen evolution 
activity of PSII particles.39-40 In the cyanobacterial crystal structure, two chloride ions, Cl-
1 and Cl-2, are located 6.7 and 7.4 Å away from the OEC, respectively (Figure 1.6B). The 
exact role of the chloride ion is poorly understood.41-42 A number of monovalent ions have 
been tested for their ability to support oxygen evolution activity (Cl− > Br− >> NO3
− > NO2
− 
> I−).43 Chloride binding is affected by the presence or absence of the smaller extrinsic 
subunits PsbP and PsbQ which is reflected in variation of KD values.
44-45 In a flash based 
UV-visible spectrophotometric experiment conducted on isolated spinach PSII particles, it 
was shown that Cl– is required only for the latter two S-state transitions (S2 to S3 and S3 to 
S0).
46 chloride has been proposed to mediate proton transfer reactions in PSII.42 
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Figure 1.8 Chloride ions and their ligand environment. Bromide, nitrate and acetate 
were substituted at the chloride site. Below each ion, oxygen evolution rates, in µmol 
O2/(mg Chl.hr)-1, are shown. (PDB ID: 4UB619) 
Substitutions at the chloride site will be carried out using the activating bromide 
and nitrate and the inhibitory acetate anions (Figure 1.8). Bromide supports 89% and nitrate 
supports 29% of the control chloride activity. Acetate substitution results in dramatically 
lowered oxygen evolution rates. The infrared spectrum with these anion-exchanged 
samples will be recorded and analyzed to investigate the role of chloride. 
1.4.2 Internal protonated water cluster 
Previously, a unique infrared signal has been detected from an internal water cluster 
in PSII. The broad band centered around 2,880 cm-1 wavenumbers was attributed to a 
cationic water cluster based on experiments using ammonia and D2
16O.29 By comparison 
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of the experimental data with studies on protonated water clusters of varying lengths in the 
gas phase, this water cluster was proposed to comprise of five water molecules.47 Ca2+-
dependence and flash dependence were observed for this band. The water band originates 
during the S1 to S2 transition and is therefore a result of coupled proton transfer to an 
internal water cluster which forms a part of the hydrogen bonded network around the OEC. 
This proton gets released to bulk solvent during subsequent S-state transitions.29 Therefore, 
the spectral signal arises from an intermediate in the proton transfer pathway. This IR signal 
will be used as a spectroscopic probe to monitor Cl-dependence of proton transfer during 
S-state transitions. 
1.4.3 HB network 
There exists an extensive hydrogen-bonded network in PSII, spanning over 35 Å 
and comprising of peptide carbonyl groups, amino acid side chains and internal water 
molecules. The vibrations of backbone amide C=O are excellent spectroscopic markers for 
monitoring hydrogen bonding changes. Previously, the substrate analogue ammonia was 
used to disrupt the hydrogen bonded network in PSII in sucrose containing buffers.33 The 
cryoprotectant trehalose (Figure 1.9), known for its ability to stabilize proteins against 
denaturation under adverse conditions, was able to mitigate ammonia induced changes in 
the infrared spectrum.48 The vibrational frequencies of the amide carbonyl groups will be 
exploited to investigate changes in the hydrogen bonding network in response to proton 
transfer events. The effects of cryoprotectants on this network will also be studied to assign 
a role for chloride in photosynthetic proton transfer. 
11 
 
Figure 1.9 Structures of (A) sucrose and (B) trehalose used as cryoprotectants to 
probe hydrogen bonding networks in PSII. 
1.5 Overview of the thesis 
In Chapter 2, we attempted to use solvent isotope exchange to probe the role of 
internal water molecules in photosynthetic proton transfer. Both D2
16O and H2
18O 
exchange were performed on PSII core complexes. A novel 3074 cm-1 infrared band was 
identified during the S3 to S0 transition.  We assigned this S0 3074 cm
-1 band to a 
protonated, internal water cluster, based on its sensitivity to calcium removal, frequency, 
D2
16O isotope shift, and significant (58 cm-1) H2
18O-induced frequency shift.  When 
compared to the protonated water cluster that gives rise to the 2830 cm-1 band in the S2 
state, the S0 hydronium ion is likely to be coordinated by additional water molecules.   The 
S2 band also exhibited D2
16O and H2
18O sensitivity. These data are consistent with transient 
proton transfer to water during the S1 to S2 and the S3 to S0 transitions; these protons may 
be derived from terminal water or hydroxide ligands to the Mn4CaO5 cluster.  H2
18O had 
no effect on the mid-infrared (1800-1100 cm-1) region of any S-state transition; D2
16O 
caused significant changes only in the S1 to S2 spectrum.  The effect of D2
16O supports the 
conclusion that the S1 to S2 transition alters hydrogen bonding in the OEC water network.  
12 
This evidence shows that water plays two roles in photosynthetic oxygen evolution, the 
first as the substrate and the second as a transient proton donor and acceptor. 
 Chapter 3 investigated the role of chloride using RIFT-IR spectroscopy and 
quantum mechanical calculations. Anion exchange was performed using the activating 
anions bromide and nitrate. At 283 K, the spectral signature of the protonated water cluster 
was observed in the S2 state which exhibited H2
18O-induced shift. This result matched those 
in Chapter 2 at 263 K.  QM computations on small models of the OEC predicted that a 
hydronium ion is stabilized by chloride. The model predicted the upshift and downshift of 
a H3O
+ stretching mode by bromide and nitrate substitution, respectively. To test for this 
effect in anion-exchanged PSII, a single laser flash was applied to a dark adapted S1 sample 
to generate the S2 state, and difference RIFT-IR spectra were obtained.  Anion exchange 
shows that an infrared band at 2830 cm-1, assigned to Wn
+, a protonated water cluster, shifts 
up with bromide substitution and shifts down with nitrate substitution.  Both anions support 
oxygen evolution activity.  When compared to the QM derived results, the Wn
+ band 
frequencies support the conclusion that chloride plays a direct role in internal proton 
transfer during oxygen evolution. 
 Chapter 4 probed the hydrogen bonded proton transfer network of PSII using anion 
exchange in conjunction with infrared signals from Wn
+ and peptide carbonyl groups 
during the S1 to S2 transition. The increased ionic radius of bromide elicits a spectral Stark 
shift. The inhibitory anion, nitrate, caused a reorganization of the hydrogen-bonding 
network, which manifested as changes in the amide I and II regions of the vibrational 
spectrum. Trehalose, which is known to increase the strength of hydrogen-bonding 
interactions in proteins, reverses these nitrate-induced effects on backbone hydrogen 
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bonding.  This is detected as a recovery of a differential band at 1530/1522 cm-1, as well 
as a positive signal at 1630 cm-1, when nitrate-PSII is suspended in trehalose buffer.  
Previously, these bands have been shown to be sensitive to site-directed mutations at amino 
acid residues, predicted to participate in the proton transfer pathway.  Notably, trehalose 
also causes a frequency shift of the internal hydronium ion signal, Wn
+.  These experiments 
provide evidence that nitrate inhibition involves alterations in hydrogen-bonding 
interactions in the oxygen evolving complex.  Because nitrate targets the chloride site, these 
data also imply that chloride maintains a network, which plays a functional role in 
photosynthetic oxygen evolution. 
 Chapter 5 presents the effects of substituting acetate, an oxygen evolution inhibitor, 
for chloride. QM calculations on the small model of the OEC used in Chapter 3 indicates 
that acetate effectively intercalates into the proton transfer network and acts as a proton 
acceptor. Two different binding modes of acetate were tested in the model. In both modes, 
the carboxylate group accepts a proton, which chloride had stabilized on a nearby water 
molecule. In the infrared spectrum, the Wn
+ band at 2830 cm-1 is no longer evident. Isotope 
editing with 13C-acetete provides evidence of the protonation event. These results show 
that the robust proton transfer network of PSII uses proton hopping via intermediary water 
molecules. Substituting an alternate proton acceptor to water such as acetate is detrimental 
for activity. 
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 In photosynthesis, the light-driven oxidation of water is a sustainable process, 
which converts solar to chemical energy and produces protons and oxygen.  To enable 
biomimetic strategies, the mechanism of photosynthetic oxygen evolution must be 
elucidated.  Here, we provide information concerning a critical step in the oxygen-
evolving, or S-state, cycle.  During this S3 to S0 transition, oxygen is produced, and 
substrate water binds to the manganese-calcium catalytic site.  Our spectroscopic and 
H2
18O labeling experiments show that this S3 to S0 step is associated with the protonation 
of an internal water cluster in a hydrogen-bonding network, which contains calcium.  When 
compared to the protonated water cluster, formed during a preceding step, the S1 to S2 
transition, the S3 to S0 hydronium ion is likely to be coordinated by additional water 
molecules.  This evidence shows that internal water and the hydrogen bonding network act 
as a transient proton acceptor at multiple points in the oxygen-evolving cycle. 
2.2 Introduction 
 Proton transfer in enzymes occurs via hydrogen-bonded chains of amino acid side 
chains.  In some cases, hydrogen bonded, internal water also plays a role in proton 
movement. Three representative examples in which the role of internal water has been 
successfully elucidated are bacteriorhodopsin,1-3 carbonic anhydrase,4  and cytochrome c 
oxidase.5  
 Water is the substrate of the photosynthetic oxygen-evolving complex (OEC) in 
photosystem II (PSII).  During oxygenic photosynthesis, molecular oxygen is generated 
through photo-induced oxidation of these substrate water molecules.6-7 This multi-electron 
reaction yields molecular oxygen and protons.  The protons are transferred over 35 Å to 
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the thylakoid lumen and generate a proton gradient.  A cyanobacterial PSII monomer is 
comprised of 17 integral membrane-spanning subunits and 3 extrinsic subunits.8-10 
Photoexcitation leads to a charge separation involving the primary chlorophyll donor, P680, 
and a quinone acceptor, QA. The radical pair is stabilized when reduction of P680
+ by the 
redox-active tyrosine, YZ (Y161 of D1 polypeptide) occurs.
7, 11 The tyrosyl radical, YZ
●, in 
turn oxidizes a Mn4CaO5 cluster, which is the site of water oxidation (Figure 2.1).
12-13 This 
metal cluster (Figure 2.1A), or OEC, undergoes four YZ-mediated oxidation reactions 
(Figure 2.1B).12, 14 The oxidized states are termed Sn states, where n=0-4 and refers to the 
number of oxidizing equivalents stored (Figure 2.1B). A short, saturating flash oxidizes 
the OEC from the dark-adapted S1 state to S2, corresponding to the oxidation of Mn(III) to 
Mn(IV) (see ref 6 but see also ref 15). The second flash generates the S3 state, and a third 
flash generates the S4 metastable state.
12-13 S4 converts to S0 in the dark, and oxygen release 
accompanies this transition. Calcium and chloride ions are required for optimal oxygen 
evolution.16 The extrinsic subunits of PSII, called PsbP and PsbQ, modulate its calcium 
and chloride requirement.17-18  
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Figure 2.1 Photosynthetic water oxidation. (A) The OEC of cyanobacterial PSII and 
its predicted hydrogen-bonding network (PDB ID: 4UB6).9 Amino acids are shown as 
sticks, water oxygens are shown as blue spheres, and hydrogen-bonding interactions 
are shown as dashed lines.  Residues from the PSII subunits, D1 and CP43, are shown 
in green and yellow, respectively. Mn4CaO5 cluster: calcium, yellow; manganese, 
gray; oxygen, red. (B) Flash-induced S-state cycle of photosynthetic water oxidation.12 
(C) Schematic depiction of a cationic cluster of five water molecules, proposed to be 
produced during the flash-induced S1 to S2 transition.  (D) Schematic depiction of a 
cationic cluster of six water molecules, proposed to be produced during the flash-
induced S3 to S0 transition.  Atoms: red, oxygen; white, hydrogen. 
To make the reactions thermodynamically accessible, proton release is expected to 
occur concomitantly with the oxidation of water.19 A 1:0:1:2 stoichiometry of proton 
release, corresponding to the S0 to S1, S1 to S2, S2 to S3, and S3 to S0 transitions, 
respectively, has been measured in sucrose buffers (Figure 2.1B).20 Under this condition, 
the S1 to S2 transition is unique in that no proton release is detected.  X-ray structures and 
site-directed mutagenesis have been used to propose proton-transfer pathways from the 
buried OEC to the lumen.21-23 Previously, our group has detected an infrared signal 
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attributed to protonation of this internal water network during the S1 to S2 transition.
24-25 In 
this paper, we provide the first evidence for the protonation of this internal water network 
during the S3 to S0 transition, which is the catalytic step in the water-oxidizing chemistry. 
2.3 Materials and Methods 
Photosystem II (PSII) samples were obtained from market spinach. PSII-enriched 
membrane particles were prepared by treatment with Triton X-100.26 These particles were 
then solubilized using another detergent, 0.4% octylthioglucoside (0.4%). Subsequent 
treatment with 10 mM MgCl2 depletes the light-harvesting complexes, LHCII, CP24, CP26 
and CP29.27 PSII samples thus obtained were suspended into buffer containing 0.4 M 
sucrose, 50 mM 2-(N-morpholino)ethanesulfonic acid (MES)-NaOH, pH 6, and 15 mM 
NaCl and frozen at -70oC.  
 Calcium depletion was performed using 10 mM ethylene glycol-bis(2,2-
aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA).28 Samples were washed twice with 
10 mM EGTA in 0.4 M sucrose, 50 mM 2-[4-(2-hydroxyethyl)piperazin-1-
yl]ethanesulfonic acid (HEPES)-NaOH, pH 7.5, and 15 mM NaCl buffer.  After the second 
wash, samples (calcium-depleted PSII or CD-PSII) were divided into small aliquots and 
frozen at -70oC. 
 To perform calcium reconstitution for oxygen evolution assays,28 a CD-PSII 
sample was thawed and pelleted by centrifugation (50,000 x g, 10 minutes, 4oC). The pellet 
was resuspended in 0.4 M sucrose, 50 mM HEPES-NaOH, pH 7.5 and 15 mM NaCl (one 
EGTA-free wash).  To reconstitute calcium, 20 mM calcium was added to this sample from 
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a 3 M buffered stock to give a calcium-reconstituted PSII (Ca-PSII) sample. The chloride 
concentration was maintained at 155 mM by addition from a 3 M buffered NaCl stock. 
 Oxygen assays were performed using a Clark-type oxygen electrode.29 Freshly 
prepared solutions of recrystallized 0.5 mM 2,6-dichlorobenzoquinone and 1 mM 
potassium ferricyanide (K3[Fe(CN)6] ) were used as the external acceptors.  In some 
experiments, the inhibitor, 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU, Serva, 
Islandia, NY) was used at a concentration of 10 μM.  Stocks (10 mM in ethanol) were made 
up immediately before the measurement.  The assay was performed in buffer containing 
0.4 M sucrose, 50 mM HEPES-NaOH, pH 7.5 and 15 mM NaCl or 0.4 M sucrose, 50 mM 
MES-NaOH, pH 6.0 and 15 mM NaCl.  When required, chloride and calcium 
concentrations were adjusted by addition from 3 M buffered stocks. 
 As isolated and assayed at pH 6.0, PSII had oxygen evolution rates of 1,000 ± 170 
μmol O2 (mg Chl-h)
-1. After resuspension into pH 7.5 buffer with no EGTA treatment, the 
rate decreased to 520 ± 50 μmol O2 (mg Chl-h)
-1.   Oxygen evolution rates in the pH 7.5 
sample were restored by addition of calcium and chloride to the assay media.  For example, 
when 155 mM chloride was added, the rate of oxygen evolution was 750 ± 50 μmol O2 (mg 
Chl-h)-1 at pH 7.5.  When assayed in the presence of  20 mM calcium and 155 mM chloride, 
the rate increased  to 1,100 ± 120 μmol O2 (mg Chl-h)
-1 at pH 7.5.  Given the standard 
deviation, this calcium chloride induced rate is similar to the oxygen evolution rate reported 
for the pH 6 control, as described above (1,000 ± 170 μmol O2 (mg Chl-h)
-1).  This 
reversible decrease in oxygen evolution rate is expected at pH 7.5 and is due to loss of 
extrinsic subunits, PsbP and PsbQ.2-5   These subunits are not absolutely required for 
activity, but modulate the requirement for calcium and chloride.2-5   Addition of the PSII 
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inhibitor, 10 μM DCMU, which disrupts light-induced electron transfer, was used to give 
an estimate of the background.  The DCMU background was 140 ± 10 μmol O2 (mg Chl-
h)-1.    
 In CD-PSII samples, which were treated with EGTA at pH 7.5, the oxygen 
evolution rate decreased to 360 ± 60 μmol O2 (mg Chl-h)
-1  (assayed with 155 mM 
chloride).  Thus, CD-PSII samples exhibit little residual oxygen evolution; this decrease in 
activity is expected when calcium is depleted.2-5   Previously, it was reported that CD-PSII 
exhibits no significant oxygen evolution when assayed in the presence of EGTA, which 
binds adventitious calcium.28, 30 In the CD-PSII samples employed here, the rate of oxygen 
evolution in the presence of 10 mM EGTA was 270 ± 10 μmol O2 (mg Chl-h)
-1 (assayed 
with 155 mM chloride).  Given the standard deviation, there was little significant difference 
between the oxygen evolution activity of CD-PSII when assayed either in the presence 
(360 ± 60 μmol O2 (mg Chl-h)
-1 or absence (270 ± 10 μmol O2 (mg Chl-h)
-1) of EGTA.  
This observation agrees with our previous reports28, 30 and indicates that pH 7.5 EGTA 
treatment is effective in removing calcium in the preparations employed here.  These 
results are also consistent with previous results obtained using another calcium depletion 
method, which employed a high salt concentration to remove calcium.31 
 Reconstitution of calcium, generating Ca-PSII, restored oxygen evolution and gave 
a rate of 890 ± 70 μmol O2 (mg Chl-h)
-1 at pH 7.5, when assayed with 20 mM calcium and 
155 mM chloride.  As expected, this is 79% of the control PSII rate measured at pH 7.5 
under the same conditions.31  We conclude that EGTA treatment at pH 7.5 depletes calcium 
from the majority of PSII centers and that the reconstitution method repletes calcium in the 
majority of PSII centers. 
26 
 To prepare Ca-PSII and CD-PSII samples for the reaction-induced FT-IR (RIFT-
IR) experiments, a CD sample was pelleted by centrifugation (50,000 x g, 10 minutes, 4oC) 
after thawing.  Resuspension of the pellet was performed in a buffer containing 0.4 M 
sucrose, 50 mM HEPES-NaOH, pH 7.5 and 15 mM NaCl prepared in H2
16O (first EGTA-
free wash).  The sample was centrifuged again (50,000 x g, 15 minutes, 4oC), and the pellet 
was resuspended in 0.4 M sucrose, 50 mM HEPES-NaOH, pH 7.5 and 15 mM NaCl, 
prepared either in H2
16O, D2
16O, or H2
18O.  In the case of H2
16O, calcium and chloride were 
added from buffered stock solutions to give Ca-PSII.  For CD-PSII in H2
16O, chloride alone 





18O resuspension buffer already contained the appropriate amount of calcium and 
chloride to produce Ca-PSII or CD-PSII (second EGTA-free wash).  For Ca-PSII, the 
calcium concentration was 20 mM, and the chloride concentration was 155 mM.  For CD-
PSII, no calcium was added, and the chloride concentration was 155 mM. Before the final 
centrifugation (50,000 x g, 15 minutes, 4oC), 7 mM K3[Fe(CN)6] was added to the sample 
from a freshly prepared 800 mM stock either in H2
16O or D2
16O.   After the addition of 7 
mM ferricyanide, samples were centrifuged (50,000 x g, 10 min, 4oC) to form a pellet.   
 Samples for 283 K experiments were prepared by washing OTG-PSII samples 
twice with buffer containing 0.4 M sucrose, 50 mM 2-[4-(2-hydroxyethyl)piperazin-1-
yl]ethanesulfonic acid (HEPES)-NaOH, pH 7.5, and 15 mM NaCl.  The oxygen evolution 
rate was >1200 μmol O2 (mg Chl-h)
-1 at pH 7.5.  FTIR data were collected in the presence 
of 20 mM calcium and 155 mM chloride. 7 mM freshly prepared potassium ferricyanide 
was added to each FTIR sample. Five loops of data collection was carried out for each 
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sample at 283 K with a wait time of 15 minutes in between loops.  All other experimental 
paramenters were the same as the methods employed for the Ca-PSII and CD-PSII samples. 
 Literature protocols were used to perform RIFT-IR spectroscopy24, 28, 32 at pL 7.5 
and 263 K.  In some cases, RIFT-IR experiments were also performed at 283 K.  Briefly, 
the pelleted sample was spread on a CaF2 window (25 x 2 mm) and concentrated under 
nitrogen gas. The sample was never completely dehydrated.  The concentration time was 
adjusted to maintain an absorbance ratio of the O-H stretch (3,370 cm-1) to amide II (1,550 
cm-1) of 2.8-3.8. The sample was covered with a second CaF2 window.  The edge of the 
windows was sealed with high vacuum grease to prevent sample dehydration.  A parafilm 
wedge was used as a spacer between the windows to maintain a constant path length and 
to prevent interference fringes.  
 RIFT-IR spectroscopy was performed on a Bruker IFS 66v/S instrument with the 
following acquisition parameters:3,4 8 cm-1 spectral resolution; Happ-Genzel apodization 
function; 60 kHz mirror speed; four levels of zero filling; and Mertz phase correction.  
Samples were dark adapted for 20 minutes following a single saturated preflash from a 532 
nm laser (at 40 mJ/cm2 power density).  A germanium window was used to block 
illumination of the sample by the spectrometer’s internal HeNe laser.  Following dark 
adaptation, samples were subjected to a series of five actinic flashes.  Each was preceded 
and followed by 15 seconds of rapid scan data collection (first loop of data collection).  
When data was acquired at 263 K, the sample was annealed between flash cycles.  After 
the first loop at 263 K, the temperature was raised to 283 K, and the sample annealed for 
10 minutes. Subsequent to this, the entire experiment (including the dark adaptation) was 
repeated again at 263 K (second loop of data collection).  From each RIFT-IR sample, 
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three-five loops of data were collected at 263 K, with 10 minutes of annealing at 283 K in 
between the loops.  The single channel data collected before and after each laser flash were 
ratioed to obtain the difference spectra.  The difference spectra was normalized to an Amide 
II intensity of 0.5 to account for differences in sample thickness and path length. The 
absorbance spectra for each sample was collected at the beginning of data collection loop 
(before the preflash) against an open beam background. The intensity of the amide II band 
was determined from these absorption spectra.  Blank windows with a parafilm wedge were 
used to record background “difference” spectra, using the subtraction and laser flash 
protocol described above.  This background spectrum was subtracted from the RIFT-IR 
data in order to provide a flat baseline (Figure 2.2).  The difference spectra obtained after 
background correction were normalized to the intensity of the CN bands of 
ferricyanide/ferrocyanide in the H2
16O control spectrum, which was recorded with the same 
number of flashes.  To correct a small offset in the mid-IR region of the D2
16O data (Figure 
2.3), a straight-line baseline correction was applied to the D2
16O spectra in  Figure 2.3, A-
E.  The data presented in some of the figures were smoothed using a 17 point Savitzky–
Golay algorithm in Bruker OPUS software (see figure legends).  The averaged, baseline-
corrected, and normalized spectra were fit and plotted using IGOR (Wavemetrics, Lake 
Oswego, OR) software.  
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Figure 2.2 Examples of uncorrected RIFT-IR spectra at 263 K. (A) Ca-PSII in H216O 
buffer, pL 7.5 during the S1 to S2 transition. (B) Laser flash-induced background 
recorded using only CaF2 windows. (C) Ca-PSII in D216O buffer, pL 7.5 during the S1 
to S2 transition. Spectra are average 3-5 loops of (A) 12 and (C) 3 different samples. 
The background in (B) represents an average of 90 data sets and were collected using 
the same laser flash method as employed for the PSII spectra. 
To summarize the information above, RIFT-IR spectra of the entire S-state cycle were 
obtained by ratioing a 15 sec single channel spectra recorded before and after a 532 nm 
laser flash.  RIFT-IR spectra acquired in this fashion from PSII have been reported to 
exhibit period four oscillation associated with oxygen evolution.32-33 Most of the 
experiments were carried out in pL 7.5 buffers at 263 K using 0.4 M sucrose as 
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cryoprotectant.  These are optimal conditions for observing the 3,000-2,000 cm-1 spectral 
band of the S1 to S2 transition.
24 There is no expected YZ contribution to these spectra, due 
to the time scale of the measurements and the integrity of the preparations, which are highly 
active in oxygen evolution.  Ref 24 reported that annealing was required to regenerate the 
broad spectral features at ~2,800 cm-1 in a second cycle of flashes at 263 K.  Therefore, in 
this current study, each sample was subjected to three-five reaction cycles at 263 K with 
10 minutes of 283 K annealing time between successive 263 K loops.  There was no 
difference between the loops, which was significant relative to the signal-to-noise ratio.  




Figure 2.3 RIFT-IR spectra (2,000-1,100 cm-1 region) of Ca-PSII in H216O (black), 
D216O (red), and H218O (blue) buffer, associated with the entire S-state cycle at pL 7.5 
and 263 K.  In (A, F) S2-minus-S1 spectrum, (B, G) S3-minus-S2 spectrum, (C, H) S0-
minus-S3 spectrum, and (D, I) S1-minus-S0 spectrum.  In (E, J), Data obtained from 
S1-minus-S1 spectra of respective samples.  Red labels, D216O (red); blue labels, H218O 
(blue). Each spectrum is an average of 3-5 loops obtained on 12 (A-J, black), 3 (A-E, 
red) and 11 (F-J, blue) different samples. 
2.4 Results 
Figure 2.4 presents the 3,200-1,750 cm-1 region of the RIFT-IR spectra, derived 
from oxygen-evolving PSII at 263 K.  The sample was flashed to advance from the dark-
adapted S1 state, sequentially generating the S2, S3, S0, and S1 states (Figure 2.1b).  
Difference spectra were constructed for each S state transition, corresponding to the S1 to 
S2, S2 to S3, S3 to S0, and S0 to S1 transitions (Figure 2.4, A-D).  To obtain this oxygen-
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evolving PSII sample, EGTA was used to generate CD-PSII at pH 7.5, and calcium was 
then reconstituted to generate Ca-PSII.  This Ca-PSII sample is active in steady state 
oxygen evolution and can complete the S state cycle.  Calcium depletion decreases steady 
state oxygen evolution rate, as described in Methods. While the CD-PSII preparation is 
inhibited in steady-state oxygen evolution, this sample can form an S2-like state
28, 36 on the 
first flash.  We employ the CD-PSII sample as a control, in which the internal water 
network of PSII is disrupted.8-10 
 
Figure 2.4 RIFT-IR spectra (3,200-1,750 cm-1 region) of Ca-PSII samples; spectra are 
associated with the entire S-state cycle at pL 7.5 and 263 K.  Measurements were 
performed either in H216O buffer (A-E, black) or in H218O buffer (F-J, blue).  (A, F) 
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S2-minus-S1 spectrum; (B, G) S3-minus-S2 spectrum; (C, H) S0-minus-S3 spectrum; 
and (D, I) S1-minus-S0 spectrum.  (E, J) Data obtained from the S1-minus-S1 spectra 
of Ca-PSII samples.  Each spectrum is an average of 3-5 data acquisition loops 
acquired from (A-E) 12 and (F-J) 11 different samples. 
In Ca-PSII (Figure 2.4, A-D), 2,115/2,035 cm-1 CN stretching bands are observed 
on each flash and are therefore associated with each accessible S state transition. These 
bands originate from the reduction of potassium ferricyanide, which is used as the external 
electron acceptor. The intensity of the ferricyanide/ferrocyanide bands is consistent with S 
state advancement.  Previous work using a variety of techniques has shown that this laser 
flash procedure is efficacious in S state advancement.37-39   An overlay of Ca-PSII spectra 
with CD-PSII data is presented in Figure 2.5. In contrast to our earlier work,24 these spectra 
were baseline-corrected (Figure 2.2), in order to enhance detection of isotope-induced 
shifts on a flat baseline.  Figure 2.5, A-D shows that calcium depletion alters the intensity 
of bands in this 3,200-1,750 cm-1 spectral region on each transition. 
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Figure 2.5 RIFT-IR spectra of Ca-PSII (black or dark blue) and CD-PSII (gray or 
light blue) at 263 K and pL 7.5. Measurements were performed either in (A-E) H216O 
buffer or (F-J) H218O buffer.  CD-PSII generates an inhibited form of the S2-minus-
S1 spectrum on the first flash.  (A, F) Ca-PSII S2-minus-S1 (black, dark blue) and CD-
PSII (gray, light blue).  (B, G) Ca-PSII S3-minus-S2 (black, dark blue) and CD-PSII 
(gray, light blue).  (C, H) Ca-PSII S0-minus-S3 (black, dark blue) and CD-PSII (gray, 
light blue).  (D, I) Ca-PSII S1-minus-S0 (black, dark blue) and CD-PSII (gray, light 
blue).  (E, J) Data obtained from the S1-minus-S1 spectra of respective samples.  Each 
spectrum is an average of 3-5 loops obtained on (A-E, black) 12, (A-E, gray) 6, (F-J, 
dark blue) 11 and (F-J, light blue) 5 different samples.   A 17 point smoothing 
Savitzky–Golay algorithm was employed. 
 To discuss selected spectral features in more detail, Figure 2.6 presents expanded 
263 K spectra derived from the first and third flash.  In Figure 2.6A, a positive infrared 
band is observed for the 263 K S1 to S2 transition, as reported previously under the same 
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conditions.24  With our current method of baseline subtraction and subsequent curve fitting 
(Figure 2.6A), the center of the band is now estimated as 2830 cm-1.  As reported in ref 24, 
negative bands are also observed in spectra associated with each transition.  In the current 
baseline-corrected spectra, the centers of the negative bands are estimated as 2,850 cm-1 
(Figure 2.4, B-D).  At 190 K, where only the S1 to S2 transition occurs, a similar infrared 
band was sensitive to the concentration of NaCl and was reported at 2740 cm-1 (pH 7.5).25 
 
Figure 2.6 Expanded RIFT-IR spectra (3,200-1,800 cm-1 region), reproduced from 
Fig, 2A, C, F and H, associated with the S1 to S2 transition (A, B) and the S3 to S0 
transition (C, D) either in H216O buffer (A, C, black) or H218O buffer (B, D, blue).  
Gaussian fits to the data are shown superimposed in (A and B).  The black arrows in 
A and B illustrate the 18O isotope shift, assuming that the exchanged peak has two 
components.  The gray arrow in A and B illustrates the 18O isotope shift, assuming 
that the exchanged peak has one component.  The data were smoothed using a 17 
point Savitzky–Golay algorithm. 
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 Notably, Figure 2.4C exhibits a positive band at 3074 cm-1, which is associated 
with the S3 to S0 transition.  This positive S0 band has not been reported previously.  
Expanded comparisons of the S1 to S2  (A,B) and S3 to S0 spectra (C,D) in Ca-PSII (A, C) 
and CD-PSII (B, D) samples are presented in Figure 2.7.  Positive bands at 2830 and 3074 
cm-1 are significantly more intense in Ca-PSII samples, compared to CD-PSII samples.  
This loss of intensity when calcium is depleted is attributed to the disruption of the OEC 
hydrogen bond network.   
 
Figure 2.7 Expanded RIFT-IR spectra of Ca-PSII (black) and CD-PSII (gray) at 263 
K and pL 7.5. Measurements were performed in H216O buffer. (A, B) Ca-PSII S2-
minus-S1 (black) and CD-PSII (gray).  (C, D) Ca-PSII S3-minus-S2 (black) and CD-
PSII (gray).  In B, CD-PSII was given one flash.  CD-PSII is inactive in oxygen 
evolution but can form a modified S2 state.  In D, CD-PSII was given three flashes.  
CD-PSII is inactive in oxygen evolution and cannot reach the S0 state. 
Figure 2.8 shows the effect of exchanging Ca-PSII samples into D2
16O buffer (pD 
7.5) as a function of flash number (Figure 2.8, A-D).  Compared to our previous report,24 
information concerning the entire S-state cycle has now been obtained.  Exchange into 
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D2
16O results in a decrease of intensity of all bands between 3,000-2,800 cm-1 on each 
transition (Figure 2.8, A-D), due to a shift of these bands into the solvent D2
16O region.  
Note that Figure 2.8 omits the 2,600-2,200 cm-1 region, corresponding the solvent O-D 
stretching band, and that baseline correction gives rise to the sloping background (see 
Figure 2.2, for an example of the uncorrected data).  This D2
16O exchange experiment 
assigns these bands to normal modes, which involve displacement of exchangeable 
protons. 
 
Figure 2.8 RIFT-IR spectra (3,200-1,750 cm-1 region) of Ca-PSII samples associated 
with the entire S-state cycle at pL 7.5 and 263 K. Measurements were performed in 
D216O buffer at pD 7.5. The O-D stretching region is off scale and was omitted for 
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clarity. (A) S2-minus-S1 spectrum; (B) S3-minus-S2 spectrum; (C) S0-minus-S3 
spectrum and (D) S1-minus-S0 spectrum.  (E) Data obtained from the S1-minus-S1 
spectrum.  Each spectrum is an average of 3-5 loops obtained on 3 different samples. 
 To test the hypothesis that vibrational modes of water are detected, samples were 
exchanged into H2
18O buffer (pH 7.5).  Figure 2.4 presents a comparison of the 3,200-1,750 
cm-1 regions, derived from Ca-PSII samples in H2
16O (Figure 2.4A-D, black) and H2
18O 
(Figure 2.4F-I, blue) as a function of flash number at 263 K.  Figure 2.5, F-I shows that 
bands arising from H2
18O exchanged Ca-PSII (black) are decreased in intensity by removal 
of calcium (gray).  In addition, Figure 2.4 demonstrates that 18O isotope-sensitive bands 
are observed on each transition (also see expanded spectra in Figure 2.7).  For example, 
after H2
18O exchange, the 3,100-2,800 cm-1 region of the S2-minus-S1 spectrum exhibits a 
broadened positive band, which can be modeled as two separate Gaussian peaks, centered 
at 2,848 and 2,661 cm-1 (Figure 2.6B).  The former may arise from unexchanged PSII, with 
the latter band assigned to 18O-exchanged PSII.  The 2,661 cm-1 band corresponds to a 170 
cm-1 downshift (black arrows), relative to the band observed in H2
16O.  This observation is 
consistent with the 140 cm-1 H2
18O-induced downshift, which was reported for the 
analogous infrared band in the trapped cryogenic S2 state (190 K, pH 6.0).
25  On the other 
hand, fitting the H2
18O data in Figure 2.6B as a single band predicts a frequency of 2,753 
cm-1.  This analysis is consistent with a 77 cm-1 downshift (gray arrow) of the S2 band as a 
result of H2
18O exchange. 
 Interestingly, the spectra associated with the S3 to S0 transition also exhibit 
18O-
induced shifts for positive S0 bands at 263 K.  The positive 3,074 cm
-1 band (Figure 2.6C) 
shifts to 3,016 cm-1 with H2
18O exchange (Figure 2.6D), assigning this band to a water 
normal mode.  In addition, isotope exchange reveals a positive shoulder at ~2,950 cm-1, 
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which shifts to ~2,876 cm-1 (Figure 2.6C and D, black arrows).  In the expanded view 
(Figure 2.6D) a broad positive band, centered at 2,590 cm-1 is also evident.  This band does 
not exhibit a large 18O-exchange induced shift.  The D2
16O sensitivity of the band cannot 
be assessed due to overlap with the bulk solvent absorption.  However, the band intensity 
may be sensitive to calcium-depletion (see Figure 2.7, C and D). 
 The effect of solvent isotope exchange on the mid-infrared region is also of interest.  
In this mid-infrared spectral region, vibrational bands from the peptide backbone and 
amino acid side chains are observed.40-41  Figure 2.3 presents the 2,000-1,100 cm-1 regions 
of the Ca-PSII spectra in H2
16O (black), D2
16O (red), H2
18O (blue), as a function of flash 
number.  H2
18O exchange has a small impact on the mid-infrared S state spectra, as evident 
in Figure 2.3, F-I.  D2
16O exchange has a more pronounced effect on spectra acquired on 
the first flash (Figure 2.3, A-D).  However, the spectra associated with the later S-state 
transitions are similar in H2
16O and D2
16O buffers.  This is especially apparent in Figure 
2.9, in which the double difference spectra, corresponding to H2
16O-minus-D2
16O, are 
presented  (Figure 2.9).  
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Figure 2.9 H216O-minus-D216O double difference spectra (1,800-1,100 cm-1 region) 
derived from Ca-PSII. The spectra were recorded at 263 K and pL 7.5. In (A) S1 to S2 
transition, (B) S2 to S3 transition, (C) S3 to S0 transition, and (D) S0 to S1 transition. 
In (E), a control double difference generated by subtracting one half of a data set 
from the other half with no additional correction factors. 
 The spectra discussed above were recorded at 263 K.  RIFT-IR spectra of PSII were 
also recorded at 283 K.  Figure 2.10 and Figure 2.11 present a comparison of spectra 
acquired at 263 K (A) and 283 K (B).  For the S1 to S2 transition (Figure 2.10), the 283 K 
spectrum exhibited additional structure on the 2830 cm-1 band, but no significant change 
in center frequency.  For the S3 to S0 transition (Figure 2.11), the 283 K spectrum exhibited 
less resolution near 3100 cm-1, due to increased breadth of the solvent water peak.  
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However, the 3074 cm-1 peak was still observable as a shoulder in the 283 K S3 to S0 
spectrum. 
 
Figure 2.10 RIFT-IR spectrum (3,200-2,150 cm-1 region) of PSII-samples, associated 
with the S1 to S2 transition and acquired in H216O buffer, pL 7.5 at either (A) 263 K 
or (B) 283 K. Data in (A) reproduced from Fig. 2. The data were smoothed using a 17 
point Savitzky–Golay algorithm. Each spectrum is an average of 3-5 data acquisition 
loops acquired from 12 different samples. 
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Figure 2.11 RIFT-IR spectrum (3,200-2,150 cm-1 region) of PSII-samples, associated 
with the S3 to S0 transition and acquired in H216O buffer, pL 7.5 at either (A) 263 K 
or (B) 283 K. Data in (A) reproduced from Fig. 2. The data were smoothed using a 17 
point Savitzky–Golay algorithm. Each spectrum is an average of 3-5 data acquisition 
loops acquired from 12 different samples. 
 
2.5 Discussion 
 We have used solvent isotope exchange and RIFT-IR spectroscopy to obtain new 
information concerning the mechanism of proton-coupled electron transfer in 
photosynthetic oxygen evolution.   The S3 to S0 transition is the step in the S-state cycle, 
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during which oxygen is produced from the metatable S4 state.
12  When the cycle resets to 
the S0 state, at least one water molecule is known to bind in the OEC.
42  Thus, our 
observation of a unique positive band at 3,074 cm-1, associated with this transition and 
attributable to the S0 state, is significant.  Calcium binds OEC water molecules,
8-9 and 
depletion of calcium is expected to disrupt the functional water network.28  Therefore, the 
calcium sensitivity of the 3,074 cm-1 band supports its assignment to the internal hydrogen 
bonding network.  The intensity of this band is sensitive to D2O exchange, indicating that 
the normal mode involves displacement of a solvent-accessible, exchangeable proton.  
H2
18O exchange unambiguously assigns this band to a vibrational displacment of water; a 
58 cm-1 downshift is observed.  H2
18O exchange also identifies an overlapping positive S0 
band at approximately 2,950 cm-1, which is associated with this transition. 
 Interestingly, the observed 3,074/2,950 cm-1 frequencies of the S0 water bands are 
significantly downshifted compared to the O-H stretching mode expected for solvent water.  
Based on the literature, several possible explanations for the downshifted frequency are 
considered.  First, downhifted water bands could arise from an OH stretching mode of 
strongly hydrogen-bonded water.1, 43-44  However, formation of a water dimer in solid 
nitrogen matrix results in only a 100 cm-1 red shift, with absorption remaining in the 3,700-
3,500 cm-1 region.  In addition, only small H2
18O isotope shifts are expected in this case 
(<10 cm-1).45  In contrast, the 3,074 cm-1 band reported here is shifted >400 cm-1 from the 
absorption of liquid water and exhibits a much larger 18O exchange-induced shift.  Second, 
3,074/2,950 cm-1 bands could correspond to a proton polarizability band, in which the 
positive charge is delocalized over a network of water molecules.46-47 During the 
photocycle of bacteriorhodopsin, proton polarizability bands absorb at 3,000-2,700 cm-1 
44 
and 1,500- 2,000 cm-1.46, 48 However, a proton polarizability band is not expected to exhibit 
a large H2
18O shift.49  A third possibiltty is assignment to a small, protonated water 
cluster.50-51  For example, in the gas phase, clusters of 5 to 8 water molecules were observed 
with hydronium stretching modes between 2,800 and 3,200 cm-1.  
 We favor the assignment of the 3,074 cm-1 band to the stretching vibration of a 
protonated water cluster, due to the frequency, intensity, and the large (~58 cm-1) 18O 
exchange-induced shift.  In this context, one explanation for the large isotope-associated 
shift is a change in the size of the internal water cluster changes in H2
18O.  Such a change 
could be due to its small change in viscosity relative to H2
16O.52   Previous work has shown 
that a change in gas water cluster size from 6 to 5 alters the frequency of the hydronium 
stretching band from 3,160 to 2,860 cm-1.50   The observation of an overlapping 
contribution at 2,950 cm-1 in the S0-minus-S3 spectrum may indicate that the size of the 
protonated water cluster is heterogeneous. 
 Assignment of these bands to a hydronium ion is consistent with the net transfer of 
a proton to internal water on the S3 to S0 transition.  This proton may originate from a water 
or hydroxide ligand to the Mn4CaO5 cluster, which deprotonates with S state advancement.  
Alternatively, the proton may represent a Bohr proton, which is transferred to water as the 
result of electrostatic changes and pKa shifts in amino acid residues at the catalytic site.    
 During the S1 to S2 transition, a positive 2830 cm
-1 band, which is 18O-isotope 
sensitive, is observed. Based on the large 18O-induced shift, this positive band can also be 
assigned unambiguously to an exchangeable proton of water.  The large 18O-isotope shift 
is attributed to a change in cluster size, as discussed above.  The observation of this band 
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is consistent with the hypothesis that protons are trapped on internal water on this 
transition.  Temperature or preparation dependence may be observed, with substructure 
development at 283 K.  In our reported work, we attributed this positive band to formation 
of a protonated water cluster, based on its intensity, frequency, and the effects of ammonia, 
calcium depletion, D2
16O exchange, and strontium substitution.24, 30  A similar band has 
been observed in the bacterial reaction center.53 Also, in bacteriorhodopsin, a band in the 
3,000-2,000 cm-1 region was observed and assigned to the combined O-H stretching of a 
transiently formed, three water wire.3  Note that, under our conditions, the S2-minus-S1 
spectra provide no evidence for proton continua bands at 2,000 cm-1 region, which could 
be associated with the 2,830 cm-1 band.  However, on the S3 to S0 transition, a proton 
continuum band may be observed at 2,590 cm-1. 
 The 3,200-2,200 cm-1 region of the FT-IR spectrum has been described in previous 
PSII studies.24,25,30,54-56  Table 1 provides a summary.  In most reports (but see discussion 
of ref 54 below), a broad positive band has been assigned to the S2 state.  The first reports 
were presented in ref 24 and ref 30 with the detection of a 2,880 cm-1 band in oxygen-
evolving plant PSII and with assignment of that band to a protonated water cluster in the 
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  In ref 55, the 3,200-2,200 cm-1 region was reported in cyanobacterial and spinach 
PSII  (Table 1).  A broad, light-induced 2,800 cm-1 band was assigned to a putative YZ 
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radical spectrum (but see ref 57 for alternate YZ assignments) in “Tris-washed” PSII, in 
which oxygen evolution is inactivated.  Simultaneously, in ref 54, a broad band with a 
similar frequency was attributed to the S2 state in untreated PSII.  However, in untreated 
PSII, the lifetime of YZ radical is short, and the radical difference spectrum would not 
necessarily be detectable under S2 conditions.
   In ref 56, the broad S2 band was assigned 
to a water O-H stretching band, which is altered in frequency during the S1 to S2 transition.  
Such a band would be expected to show a 18O solvent isotope shift; however, no H2
18O 
shift was detected for the broad S2 band presented in ref 54.  Table 1 summarizes this 
information. Note that attribution of the S2 band, described here, to a hydrogen-bonded 
water is a less likely interpretation, compared to the protonated water cluster assignment.  
This is due to the large magnitude of the 18O isotope effect and the substantial frequency 
downshift, relative to bulk water.    
 Ref 56 described the 3,200-2,200 cm-1 region derived from cyanobacterial PSII 
(Table 1).  The 283 K S2-minus-S1 spectrum reported here is similar to the spectrum in ref 
55. However, ref 55 reported no H2
18O solvent shift in this spectral region, and the broad 
positive spectral feature was assigned to a proton polarizability band in the S2 state.  The 
reason could be the use of dehydrated-rehydrated FT-IR samples, 283 K, or the different 
exchange method.  A lower extent of exchange in internal, slowly exchanging regions of 
the samples may be inferred from data presented in ref 55.  In the D2O-exchanged PSII 
samples employed here, which are exchanged in solution and never dehydrated-rehydrated, 
the D2O bulk solvent band is offscale at ~2,600 cm
-1 on the 10-4 absorbance unit scale.  In 
ref 55, absorbance at ~2,600 cm-1 was reported on scale at 10-5 absorbance units.  The S3 
to S0 spectrum in ref 55 was also reported to be insensitive to 
18O isotope exchange.  
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However, at higher temperature, the 3,074 cm-1 band is observed as a shoulder, as shown 
here at 283 K.  These points are under further investigation. 
 In the latest report,25 the 3,200-2,200 cm-1 region of the S2-minus-S1 spectrum was 
obtained from an oxygen-evolving plant PSII at 190 K (Table 1).  A large, apparent 18O 
solvent isotope effect on the frequency of a broad positive S2 band was observed.  The 
frequency of the band depended on the NaCl concentration (2,900 or 2,740 cm-1). Those 
cryogenic experiments were used to assign the 190 K S2 infrared band to an internal, 
n(H2O)H3O
+ cluster.  The S3 state is not accessible at 190 K.  Those latest results support 
the conclusions of this paper (Table 1). 
 To summarize, our experiments are consistent with the assignment of a S2 band at 
2,830 cm-1 and S0 bands at 3,074/2950 cm
-1 to the hydronium cores of protonated, internal 
water clusters in the OEC.  For gas phase water clusters with sizes of 4-8, an increase in 
H3O
+ stretching frequency was associated with an increase in cluster size.50  Comparison 
of the S0 3,074 cm
-1 frequency with the S2 2,830 cm
-1 frequency suggests that the proton 
in the S0 state may be trapped on a larger cluster of water molecules in some population of 
centers (illustrated in Figure 2.1C and D).  
 Literature reports on protonated gas phase clusters50 have reported that some 
protonated water cluster sizes are associated with vibrational bands in the 1,800-1,100 cm-
1 region.  Under our current experimental conditions, 18O solvent exchange had only a 
minor effect on the mid-infrared regions of the S state spectra.  This result suggests that 
the cluster sizes in the S0 and S2 states may be 4 or 6-8, giving rise to vibrational bands 
below 1,100 cm-1, which are not accessible in our experiment.  Alternatively, strong 
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absorbance from the protein may obscure the contributions of cationic water in this region.  
Similarly, only minor changes were observed in this region for bacteriorhodopsin in an 
18O-exchange study.49 
 D2
16O exchange was observed to shift the broad positive and negative bands in the 
3,100-2,800 cm-1 region on each transition, but the effect of D2
16O exchange in the mid-
infrared region (1,800-1,100 cm-1) was most significant for the S1 to S2 transition.  
Frequency shifts and intensity changes are observed in amide I (1,650 cm-1), II (1,550 cm-
1) and III (1,400 to 1,200 cm-1) bands.40  We have previously reported that the majority of 
bands in the S1 to S2 spectrum shift when strontium is substituted for calcium and when 
PSII is ammonia-treated.  This sensitivity supports assignment of this spectrum to the donor 
side and to OEC amide bands.30,58 Protein amide vibrational bands are altered by D2
16O 
exchange when the amide bands arise from hydrogen-bonded and solvent-accessible 
portions of the protein.40 Therefore, a possible explanation of these D2O data is that the S1 
to S2 transition alters peptide backbone contributions in exchangeable regions of the 
protein, and other transitions do not.  In bacteriohodopsin, the extent of deuterium 
exchange depended on the extent of solvent exposure, with solvent-exposed regions 
displaying greater susceptibility to exchange compared to buried alpha helical regions.59 
Terminal water ligand and hydroxide ligand deprotonation reactions are proposed to 
accompany electron transfer and the S-state transitions60,61 but the mechanism by which 
these chemical protons are transferred to the lumenal surface is not known.23 The PSII X-
ray structures8-9 reveal a polarizable network of hydrogen bonds, involving chloride, 
calcium, water, and amino acid side chains (Fig. 7), which could be used in proton transfer.  
Based on sensitivity to calcium removal, the cationic water clusters observed here are 
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concluded to be a component of this proton exit pathway.  Taken together, these results 
provide evidence that water acts, not only as the substrate of photosystem II, but also as a 
transient proton acceptor and donor at multiple places in the S state cycle.  The connection 
between these trapped protons and lumenal proton release is of interest and remains to be 
elucidated.  This work provides new insight into photosynthetic water oxidation and is of 
relevance to proton-coupled electron transfer mechanisms in solar energy conversion and 
bioenergetics. 
 
Figure 2.12 Putative proton exit pathway extending from the OEC to the lumen and 
involving the two chloride ions of cyanobacterial PSII (PDB ID: 4UB6).9  The 
hydrogen-bonding network includes water molecules (blue spheres) and residues of 
PSII subunits: D1 (green), D2 (magenta), CP43 (yellow), CP47 (blue), psbO (orange) 
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3.1  Abstract 
In photosystem II (PSII), water oxidation occurs at a Mn4CaO5 cluster and results in 
production of molecular oxygen.  The Mn4CaO5 cluster cycles among five oxidation states, 
called Sn states.  As a result, protons are released at the metal cluster and transferred through 
a 35 Å hydrogen-bonding network to the lumen.  At 283 K, an infrared band at 2830 cm-1 
is assigned an internal solvated hydronium ion via H2
18O solvent exchange.  This result is 
similar to a previous report at 263 K.  Computations on an OEC model predict that chloride 
stabilizes this hydronium ion on a network of nine water molecules. In this model, a H3O
+ 
stretching mode at 2738 cm-1 is predicted to shift to higher frequency with bromide and to 
lower frequency with nitrate substitution.  The calculated frequencies were compared to 
S2-minus-S1 RIFT-IR spectra acquired from chloride-, bromide-, or nitrate-containing PSII 
samples, which were active in oxygen evolution.  As predicted, the frequency of the 2830 
cm-1 band shifted to higher energy with bromide and to lower energy with nitrate 
substitution.  These results support the conclusion that an internal hydronium ion and 
chloride play a direct role in an internal proton transfer event during the S1 to S2 transition. 
3.2  Introduction 
Water plays a vital role in proton transfer because of its ability to act as both an acid 
and a base.  The mechanism by which water functions in proton transfer has been the 
subject of extensive investigation.1-4 The behavior of water molecules involved in proton 
transfer in bulk solution is distinct from that in proteins.  Extensive hydrogen bonding 
networks involving internal water molecules and amino acid side chains enable proteins to 
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shuttle protons effectively. This kind of active water participation in proton transfer has 
been reported in bacteriorhodopsin,5-7  cytochrome c oxidase,8 and carbonic anhydrase.9  
PSII is a transmembrane multisubunit protein, which comprises several membrane-
spanning subunits and three extrinsic subunits located in the lumen.10-12 PSII oxidizes water 
to generate oxygen by sequential light-induced oxidation at its catalytic core, a Mn4CaO5 
cluster (Figure 3.1A), commonly referred to as the oxygen evolving complex (OEC).13-14 
Oxygen evolution follows an oscillatory pattern with period four.15 The overall reaction is 
the production of one molecule of oxygen, along with four electrons and four protons from 
two water molecules. Absorption of light induces charge separation among the redox-
active cofactors in PSII, which ultimately results in the oxidation of the OEC.  
Photoinduced charge separation leads to oxidation of the dimeric chlorophyll donor, P680 
and reduction of a plastoquinone molecule, QA, the terminal acceptor.  Reduction of P680
+ 
occurs via the redox-active tyrosine, YZ (Y161 of D1 polypeptide).
16  The neutral tyrosyl 
radical, YZ
●, is a powerful oxidant and oxidizes the OEC.17 Four such oxidations of the 
OEC takes place via YZ
●, and these oxidation reactions result in oxygen production.18 Each 
of these OEC oxidation states is called a Sn state, where n refers to the number of oxidizing 
equivalents stored on the OEC (Figure 3.1B).  In dark-adapted PSII, the OEC primarily 
exists in the S1 state. A single flash oxidizes S1 to the S2 state.
13, 19 The second flash oxidizes 
the metal cluster to the S3 state, and the third flash converts the S3 state to the S0 state via 
the metastable S4 state.
15 Substrate water oxidation accompanies this transition, and the 




Figure 3.1 (A) Chloride ions and amino acid residues located near the OEC.  The 
structure was derived from cyanobacterial PSII. Water molecules involved in the 
predicted hydrogen-bonding network are blue spheres (PDB ID: 4UB610).  Amino 
acids are shown as sticks, and hydrogen-bonding interactions are dashed lines.  
Residues from the PSII subunits, D1, D2 and CP43, are green, magenta and yellow, 
respectively. Mn4CaO5 cluster: calcium, yellow; chloride, cyan; manganese, gray; 
oxygen, red.  Oxygen evolution rates, in µmol O2/(mg Chl.hr)-1, measured from Cl-
PSII, Br-PSII and NO3-PSII, are shown below the representations of each ion.  (B) S-
state cycle15 of photosynthetic water oxidation; the cycle is induced in PSII using laser 
flashes. The S1 to S2 transition is described in the present study. (C) Illustration of a 
cationic cluster of five water molecules, proposed to be formed during the S1 to S2 
transition.  Color of atoms: red, oxygen; white, hydrogen. 
In addition to a four-electron oxidation, the oxygen-evolving reaction also results 
in the release of four protons to the lumen. On progressing from S0 to S1, S1 to S2, S2 to S3 
and from S3 back to S0, a 1:0:1:2 stoichiometry of proton release to the lumen has been 
measured experimentally in sucrose-containing buffers (Figure 3.1B).20-21 Thus, the S1 to 
S2 transition is distinct from the rest of the S-state cycle, because no proton release to the 
lumen has been detected, when sucrose is the cryoprotectant.  
For approximately 50 years, it has been known that chloride plays a facilitating role 
in photosynthetic water oxidation.22  However, chloride's exact role in the mechanism has 
been the subject of debate.23-27  Using radioisotope labeling and spinach PSII preparations, 
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chloride was reported to have one high affinity binding site per reaction center.24  In plants, 
chloride affinity was modulated by the extrinsic subunits, PsbP and PsbQ.28-31 Intact PSII, 
retaining these subunits, exhibited high chloride affinity, while removal of the PsbP and 
PsbQ subunits lowered chloride affinity (reviewed in ref22).  In the 1.95 Å crystal structure 
of cyanobacterial PSII,10 two chloride ions, Cl-1 and Cl-2, were resolved at 6.6 and 7.5 Å 
from the OEC, respectively (Figure 3.1A). The cyanobacterial PSII structure exhibits a 
third chloride, located ~25 Å away from the OEC.10 The third chloride was not identified 
in a recently published plant PSII structure.12   Chloride is required kinetically only for the 
latter two S-state transitions (S2 to S3 and S3 to S0).
25  Some chloride analogs support 
oxygen evolution activity in the series, Cl− > Br− >> NO3
− > NO2
− > I−.32   
Chloride is an uncommon cofactor in biology.  In halorhodopsin, light energy is 
used to pump chloride ions across membranes.33  Haloperoxidases use chloride and other 
halides as substrates but not as cofactors.34   Besides PSII, only two other enzymes, α-
amylase35 and angiotensin-converting enzyme (ACE)36-37 are presently known to require 
chloride as a cofactor.38  Therefore, the role of chloride in photosynthetic oxygen evolution 
is unusual and is an important, fundamental question in biological chemistry.  
In PSII, chloride has been proposed to facilitate efficient proton transfer to the 
lumen.24, 39-43  In the present study, we have investigated whether chloride plays a role 
during the S1 to S2 transition using a novel infrared band derived from a hydronium ion.  
Previously, our group reported this broad, absorptive, infrared band at ~2830 cm-1, 
produced in the S2 state at 263 K (reviewed in ref 
44).  This band was assigned to Wn
+, a 
protonated water cluster, which was proposed to be a trapped intermediate on the internal, 
proton transfer pathway45-48 (Figure 3.1C). Here, we monitor the frequency and amplitude 
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of this S2 band in chloride, bromide, and nitrate-containing PSII samples, using reaction-
induced FTIR (RIFT-IR) spectroscopy at 283 K.  All three preparations are active in 
oxygen evolution.  We report H2
18O solvent exchange shifts in the Wn
+ band at this 
temperature.  We also find that the Wn
+ band is sensitive to bromide and nitrate substitution.  
The results of the study are compared to quantum mechanical calculations on a small model 
of the OEC, which contains nine water molecules and stabilizes a hydronium ion near a 
chloride, bromide, or nitrate ion.  When experimental bands are compared to the computed 
vibrational frequencies, the predicted frequencies and the direction of the anion exchange-
induced shifts are well correlated.  This study provides new information concerning the 
role of chloride in proton transfer, and the results suggest that chloride functions in proton 
transfer via formation and stabilization of Wn
+ on the lumenal exit pathway during the S1 
to S2 transition.  While not required kinetically during this transition, chloride could play a 
role in the creation and maintenance of an essential water network. The presence of this 
network during the non-rate limiting S1 to S2 transition may be important in mediating 
chloride effects on latter transitions. 
3.3 Materials and Methods 
3.3.1 PSII sample preparation.  
Commercially available spinach was used to prepare PSII samples. Treatment with the 
detergent, Triton X-100, yielded PSII-enriched membrane particles, called BBY 
membranes.49 A second round of detergent treatment was carried out using 0.4% 
octylthioglucoside (OTG) to further purify PSII (OTG-PSII).  Removal of the light-
harvesting complexes, LHCII, CP24, CP26 and CP29, was achieved by treatment with 10 
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mM MgCl2.
50 PSII samples obtained following these treatments were suspended into a 
buffer containing 0.4 M sucrose, 50 mM 2-(N-morpholino)ethanesulfonic acid (MES)-
NaOH, pH 6, and 15 mM NaCl and stored at -70oC. 
3.3.2 pH 7.5 anion substitution 
Anion substitution with either bromide or nitrate was performed using a treatment at pH 
7.5, designed to remove extrinsic subunits and increase accessibility to the chloride site. 
Chloride-substituted controls were also generated using the same procedure.  To this end, 
PSII samples were washed twice with 0.4 M sucrose, 50 mM 2-[4-(2-
hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES)-NaOH, pH 7.5, and 15 mM 
NaCl, NaBr or NaNO3 depending on the anion being exchanged.  Removal of PsbP and 
PsbQ occurs at pH 7.546, 51 and increases access to the chloride site.  PSII samples 
containing chloride, bromide and nitrate ions will be referred to as Cl-PSII, Br-PSII and 
NO3-PSII, respectively.  Samples were aliquoted and frozen at -70
oC.   Oxygen evolution 
activities are reported below (see below). 
3.3.3 Sulfate treatment (chloride depletion). 
As an additional method, chloride depletion using sulfate treatment was performed using 
literature protocols.25, 52  Briefly, isolated OTG-PSII samples were treated with a buffer 
containing 400 mM sucrose, 50 mM HEPES-NaOH, pH 7.5 and 50 mM Na2SO4. The 
chlorophyll concentration was maintained at 0.2 mg/mL, and the sample was incubated on 
ice for 15 minutes with shaking in the dark.  Subsequently, the sample was pelleted through 
centrifugation (50,000 x g, 10 minutes, 4oC) and resuspended in chloride-free buffer 
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containing 400 mM sucrose and 50 mM HEPES-NaOH, pH 7.5. This sample will be 
referred to as Cl-depleted PSII.  Aliquots were frozen and stored at -70oC. 
3.3.4 Oxygen evolution assays, methods. 
PSII samples were assayed for oxygen evolution activity using a Clark-type oxygen 
electrode.53 In these assays, freshly prepared 1 mM potassium ferricyanide (K3[Fe(CN)6]) 
and recrystallized 0.5 mM 2,6-dichlorobenzoquinone were used as external electron 
acceptors. For pH 6.0 measurements, the assay buffer contained 0.4 M sucrose, 50 mM 
MES-NaOH, pH 6.0 and 15 mM NaCl. For pH 7.5 measurements, the assay buffer used 
for Cl-PSII, Br-PSII and NO3-PSII contained 0.4 M sucrose, 50 mM HEPES-NaOH, pH 
7.5 and 15 mM NaCl, NaBr, and NaNO3, respectively. The anion concentrations were kept 
constant at 155 mM by addition from a 3 M buffered stock of the corresponding sodium 
salt.  Calcium concentrations were maintained at 20 mM by addition from 3 M buffered 
stocks. The calcium salt of the exchanged anion was used to make the calcium stock. For 
Cl-depleted PSII samples, the assay buffer contained 400 mM sucrose and 50 mM HEPES-
NaOH, pH 7.5. 
3.3.5 Oxygen evolution activities, results derived from pH 7.5 treated PSII. 
At pH 6.0, isolated PSII gave oxygen evolution rates of 1,260 ± 130 μmol O2 (mg 
Chl-h)-1.  After the pH 7.5 treatment, Cl-PSII samples exhibited oxygen evolution rates of 
1,230 ± 120 μmol O2 (mg Chl-h)
-1.  Br-PSII samples had rates of 1,100 ± 70 μmol O2 (mg 
Chl-h)-1.  NO3-PSII had oxygen evolution rates of 360 ± 90 μmol O2 (mg Chl-h)
-1.  Thus, 
the rates of oxygen evolution derived from Br-PSII and NO3-PSII samples were 89% and 
29%, respectively of the Cl-PSII controls.  This result is in agreement with literature reports 
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derived from studies of BBY membranes.32  Addition of 155 mM chloride to NO3-PSII 
samples restored the rates to 1,350 ± 70 μmol O2 (mg Chl-h)
-1 demonstrating that the effects 
of nitrate substitution were reversible.  Note the recovery of oxygen evolution in the 
presence of chloride, in which 98% of the activity was reconstituted. 
3.3.6 Oxygen evolution assays, results derived from sulfate-treated PSII. 
When assayed without exogenous calcium and chloride, Cl-depleted PSII exhibited oxygen 
evolution rates of 80 ± 40 μmol O2 (mg Chl-h)
-1. This preparation is judged to be inactive 
in oxygen evolution.  Addition either of 155 mM chloride or 10 mM calcium (using 
Ca(OH)2) to Cl-depleted PSII yielded oxygen evolution rates only of 570 ± 30 μmol O2 
(mg Chl-h)-1  and 51 μmol O2 (mg Chl-h)
-1, respectively.  Simultaneous addition of 155 
mM chloride and 20 mM calcium to Cl-depleted PSII caused the activity to increase to 
1010 ± 40 μmol O2 (mg Chl-h)
-1. Hence, the oxygen evolving activity of sulfate-treated 
OTG-PSII was recovered by addition of chloride and calcium, but not recovered by 
addition of chloride alone.  This is distinct from previous reports using sulfate-treated BBY 
membranes  and is attributed to a preparation-specific effect.32, 52, 54 
3.3.7 RIFT-IR experiments. 
Samples for RIFT-IR experiments were prepared by thawing Cl-PSII, Br-PSII, NO3-PSII 
and Cl-depleted samples, followed by a final resuspension/centrifugation in the respective 
buffer being used.  To generate Cl-PSII, Br-PSII, and 14NO3-PSII, 20 mM calcium and 155 
mM of chloride, bromide or nitrate, were added. To generate 15NO3-PSII, the final 
resuspension was performed in buffer containing 20 mM Ca(15NO3)2 and 155 mM 
Na15NO3. Cl-depleted samples were resuspended in chloride free buffer containg 400 mM 
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sucrose and 50 mM HEPES-NaOH, pH 7.5.  Freshly prepared 15 mM ferricyanide was 
added to each sample from a 100 mM stock prepared in the respective buffer.  Samples in 
H2
18O were prepared by performing the final resuspension of Cl-PSII samples in H2
18O 
buffer containing 400 mM sucrose, 50 mM HEPES-NaOH, pH 7.5, 155 mM chloride and 
20 mM calcium. For H2
18O experiments, the ferricyanide stock (1 M) was prepared in 
H2
16O buffer and added to the sample. All samples were then pelleted by centrifugation 
(50,000 x g, 10 minutes, 4oC).  We have previously reported the observation of the ~2800 
cm-1 band in the S2  state at 283 K in pH 7.5 buffer.
45 While a similar band has also been 
reported at 190 K using pH 6,46 in this 283 K study we continued to use pH 7.5 in order to 
build on previous results at this temperature. 
RIFT-IR experiments were performed using literature protocols48, 55-56 at pH 7.5 
and 283 K.  After being pelleted through centrifugation, the PSII sample was spread 
between two CaF2 (25 x 2 mm) windows. The sample was concentrated with nitrogen gas 
to give an absorbance ratio of 2.3-3.3 between the O-H stretch (3370 cm-1) and amide II 
(1550 cm-1). A small piece of parafilm was wedged between the two sample windows to 
maintain a fixed path length and to reduce contributions from interference fringes.  The 
windows were sealed with high vacuum grease and wrapped with parafilm to prevent 
sample dehydration during the experiment. 
 A Bruker IFS 66v/S instrument was used.  Data acquisition was performed with the 
following parameters:3,4 4 cm-1 for H2
18O measurements and corresponding H2
16O controls 
and 8 cm-1 spectral resolution for all other measurements and their controls; Happ-Genzel 
apodization function; 60 kHz mirror speed; four levels of zero filling; and Mertz phase 
correction.  PSII samples were subjected to a single saturated preflash from a 532 nm Nd-
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YAG laser (at 40 mJ/cm2 power density).  The preflash was followed by 20 min of dark 
adaptation. The spectrometer’s internal HeNe laser was blocked by a germanium window.  
Immediately after the dark adaptation, the sample was subjected to eight consecutive 
actinic, 532 nm flashes.  Each laser flash was preceded and followed by 5 s of rapid scan 
data collection, except for the H2
18O measurements (and corresponding H2
16O controls) in 
which data were acquired for 15 s. One such series of eight flashes comprised a single loop 
of data collection.  After the first loop, the sample was dark adapted for 15 minutes. 
Following this, the entire loop of data collection, including the dark adaptation, was 
repeated four times, except for the H2
18O measurements (and corresponding H2
16O 
controls), in which loops were repeated nine times.  Hence, the total wait time in between 
loops was 35 minutes.  This dark adaptation or wait time is sufficient to synchronize all 
anion-replaced preparations back to the S1 state, even in anion-substituted preparations.
32 
The difference, RIFT-IR spectra (S2-minus-S1) were obtained by ratioing the single 
channel data obtained before and after the actinic laser flash.   
 The absorption spectrum of each RIFT-IR sample was collected against an open 
beam background, and the intensity of the amide II band were determined.  These amide II 
intensities were used to normalize the RIFT-IR data to an absorbance of 0.5. This procedure 
accounts for differences in sample thickness and path length between samples. The  RIFT-
IR spectra were plotted using IGOR (Wavemetrics, Lake Oswego, OR) software.  
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Figure 3.2 RIFT-IR difference spectra (1900-1500 cm-1 region) of Cl-PSII samples 
accompanying the entire S-state cycle at pH 7.5 and 283 K. (A) S2-minus-S1 spectrum; 
(B) S3-minus-S2 spectrum; (C) S0-minus-S3 spectrum; and (D) S1-minus-S0 spectrum.  
(E) Data obtained from the S1-minus-S1 spectra of Cl-PSII samples. Each spectrum is 
an average of 5 loops of data collected using 12 different samples. (E) was collected as 
background from those 12 samples with three times the amount of data averaging 
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used for (A-D). A 17-point smoothing has been applied to the data using the Savitzky–
Golay algorithm. 
This RIFT-IR method has been employed in the literature to probe conformational 
changes coupled to the S-state progression of the OEC.48, 55, 57 The 5 s and 15 s time scale 
of the current experiments is similar to literature reports55 and is expected to reflect donor 
side dynamics.  As expected, S state dependent spectral changes are observed in the mid-
infrared region of these data, as shown in Figure 3.2, A-E.  In Figure 3.2, Cl-PSII samples 
(283 K, pH 7.5), in the dark-adapted S1 state, were subjected to four sequential laser flashes 
to advance the reaction centers to the S2, S3, S0 and finally back to the S1 state.  Difference 
spectra were generated by subtracting the initial from the final state. The bands observed 
each of the transitions are consistent with literature reports48, 55, 57 and thereby reflect 
successful S-state advancement (Figure 3.3).  In particular, the spectra are similar to those 
previously reported from our group on chloride-reconstituted BBY membranes,52 but with 
improved signal to noise ratio due to the use of the additional OTG purification step.  In 
Figure 3.3, the entire 4000-1000 cm-1 of Cl-PSII is shown. The data in Figure 3.3 exhibit 
an overall signal-to-noise ratio of 8, when the band amplitude at 2830 cm−1 is compared to 
peak-to-peak noise at 2220 cm−1. 
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Figure 3.3 RIFT-IR spectrum in the 4000-1000 cm-1 region associated with the S1 to 
S2 transition. Data acquired using Cl-PSII samples at 283 K in pH 7.5 buffer.  The 
data were smoothed using a 17 point Savitzky–Golay algorithm. Each spectrum is an 
average of 60 data sets: 5 data acquisition loops acquired from 12 different samples. 
3.3.8 Theoretical methods. 
To simulate the geometry and the vibrational spectrum of the protonated water cluster, the 
most relevant elements of the PSII environment were included. The protein structure 
3ARC11 was extracted from the RCSB PDB database58. Hydrogen atoms were added to the 
structure through the webportal of the WHAT IF software.59  Exploratory computations 
indicated that the water close to Cl679 (in 3ARC11) is a suitable proton accepting site, 
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whereas other water molecules initially tested did not yield a hydronium ion upon geometry 
optimization, the proton moving instead either to the OEC or to D1-D61. 
Vibrational frequency computations are much more expensive than simple 
geometry optimizations, and so we employed a truncated model system. However, the most 
relevant structural motifs from the protein were retained.  The Mn atom from the Mn4CaO5 
cluster closest to the protonated water, namely Mn4 was included. The full coordination 
sphere of Mn4 was included as well, i.e., the two water molecules HOH999 and HOH1000 
(in their deprotonated state), the µ-oxo O5 and O4, and the amino acids D1-D170 and D1-
E333. Because the μ-oxo oxygen lacked their interacting partners, their valence was 
completed by adding one hydrogen atom on each of them. To correctly model the main 
features of the electrostatic environment, the calcium ion (Ca1) was also retained. The 
amino acids D1-A344 and D1-E189 served as calcium ligands. The chloride ion and D2-
K317, which stabilizes Cl-, were both included.  D1-D61 has been proposed to be on the 
proton exit pathway and was also included.10-11, 60 Six other surrounding water molecules 
were included in addition to the protonated water.  The oxidation state of OEC in the S2 
state is still discussed.10, 19 In the current model, we considered the oxidation states of Mn1-
Mn4 to be (III, IV, IV, IV). The Mn4 retained in our small cluster model is attributed a +IV 
oxidation state, and our model is thus relevant to the charge on the S2 state of the OEC.
13-
14, 61  A center with a single positive charge was used to efficiently represent the 
electrostatic influence of the remainder of the metal-oxo complex on the water cluster; 
computationally, a lithium ion was used for this purpose.  We verified the accuracy of this 
model by comparing its electrostatic potential to the one of the crystal structures of the 
OEC complex (Table 2). At the position of the protonated water cluster, the average 
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absolute percent difference between the two is 5.5 ± 8.1 %, which is acceptable given the 
corresponding computational savings (Table 2). 
Table 2 ESP computed at the 10 nuclear positions of hydronium and its two 
coordinated water molecules for the single charge, no charge, OECfrozen and OECcrystal 
models. Statistics are based on percent differences with respect to the single charge 
model. All values in atomic units. 
ESP computed at Single charge No charge OECfrozen OECcrystal 
point 1 -2.38E-01 -3.31E-01 -2.40E-01 -2.29E-01 
point 2 -2.44E-01 -3.32E-01 -2.40E-01 -1.79E-01 
point 3 -2.20E-01 -2.97E-01 -2.26E-01 -2.16E-01 
point 4 -2.17E-01 -2.95E-01 -2.20E-01 -2.05E-01 
point 5 -2.69E-01 -3.46E-01 -2.76E-01 -2.69E-01 
point 6 -2.72E-01 -3.67E-01 -2.82E-01 -2.71E-01 
point 7 -2.73E-01 -3.41E-01 -2.78E-01 -2.67E-01 
point 8 -2.10E-01 -2.90E-01 -2.19E-01 -2.10E-01 
point 9 -2.28E-01 -3.01E-01 -2.32E-01 -2.20E-01 
point 10 -2.12E-01 -3.00E-01 -2.12E-01 -1.90E-01 
average abs. 
percent diff. 
0 % 34.5 % 2.1 % 5.5 % 








0 % 24.8 % 0.01 % 0.01 % 
There are two isomers of the S2 state. Previous modeling
61 has predicted that the 
+III oxidation state is preferred for Mn4 when O5 is coordinated to it, whereas +IV is 
preferred when O5 is closer to the other Mn atoms. In the 3ARC crystal structure, O5 is 
quite distant from Mn4 and thus we chose the corresponding +IV oxidation state for this 
manganese ion. Our analysis agrees with reference 43 where the +IV state is found to be 
preferred.  
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The initial system is represented in Figure 3.4.  The lithium ion and the amino acids 
were treated by Molecular Mechanics (MM) except for the functional groups (–COO- or –
NH3
+) directly interacting with Mn, Cl- or the network of hydrogen-bonded water 
molecules and the –CH2– fragment nearest to these functional groups. Note again that the 
lithium ion is only used to provide a positive charge, representing the effect of the 
remainder of the metal-oxo complex, and at the MM level it is actually a gaussian-smeared 
point charge. Some MM atoms have incomplete valence because the peptide chain in the 
protein was truncated. Their spatial coordinates were frozen to their X-ray structure values 
in all geometry optimizations. All non-MM atoms are treated together as the quantum 
mechanical (QM) system, and all following computations were performed with Q-Chem.62 
 
Figure 3.4 Initial QM/MM model of the protonated water cluster and its environment. 
QM atoms represented as balls and sticks, MM atoms as sticks only, with the 
exception of Li, which was treated with MM but is represented as a sphere for 
convenience. The translucent atoms have incomplete valence and their coordinates 
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are frozen to their X-ray structure value. The water bearing the extra proton has been 
encircled and the oxygen changed to green. C in gray, N in blue, O in red, H in white, 
Mn in orange, Ca in yellow, Li in pink and Cl in cyan. 
To avoid the costly computation of vibrational frequencies at the QM/MM level, 
which is only available by finite difference in Q-Chem 4.3, it is desirable to retain only the 
minimal functional groups from the amino acids and to treat the system fully quantum 
mechanically. For this purpose, we followed several steps. First, the QM system was frozen 
and only the MM atoms were optimized using the AMBER9963 force field. In a second 
step, a QM/MM optimization was performed, where the QM and MM systems are 
described above and in Figure 3.4.  At first, constraints were applied to the protonated 
water molecule to avoid spurious effects in a geometry far from equilibrium. As the 
geometric gradient became smaller, the constraints on water were released, and only those 
on the backbone atoms with incomplete valences were kept.  In the third step, the amino 
acids were truncated and capped with H atoms as represented in Figure 3.5.  The positions 
of the capping hydrogens were relaxed by optimizing them with all other atoms frozen.  In 
the final step, the capping hydrogens and their connected atoms, represented with 
translucent spheres on Figure 3.5, were frozen while all other atoms were reoptimized. The 
QM system was treated by B3LYP-D364-66/6-31G*67-69 and a Lebedev grid70 with 50 radial 
points and 194 angular points.  
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Figure 3.5 Final QM model of the protonated water cluster and its environment. The 
translucent atoms coordinates are frozen for all optimizations. The predicted 
protonated cluster is shown inside the circle with the oxygen in green. Color of atoms: 
carbon, gray; nitrogen, blue; oxygen, red; hydrogen, white; manganese, orange; 
calcium, yellow; lithium, pink; and chloride in cyan. 
 
 Vibrational frequencies and intensities were computed at the optimized geometry 
with the partial Hessian capability of Q-Chem.71-72 The partial Hessian computation 
excludes all atoms that were frozen in the optimization, since their geometric gradient is 
non-vanishing and the associated second derivatives cannot be identified with vibrational 
frequencies. The chloride ion was replaced successively by bromide and nitrate, the 
geometry reoptimized with B3LYP-D3/6-31G*, and the frequencies recomputed. All 
geometries were verified to be minima on the potential energy surface by the absence of 
imaginary frequencies. This also indicates that the small (50,194) grid chosen for the 
computations yields reasonable results. 
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3.4 Results 
In this study, we test the proposal that chloride is directly involved in regulating 
proton transfer reactions in PSII through the stabilization of hydronium ions in the internal, 
proton transfer pathway.  Reaction-induced FT-IR (RIFT-IR) spectroscopy is used to study 
the effect of anion exchange on a 2830 cm-1 band in the S2 state. Quantum mechanical 
(QM) calculations on a small OEC model are used to interpret the experimental results and 
to propose a role for chloride during the S1 to S2 transition. 
Figure 3.6 presents the 3200-1750 cm-1 region of the RIFT-IR S1 to S2 spectrum 
derived from PSII samples at pH 7.5 (for mid-infrared region, see Figure 3.2).   Figure 3.6, 
A and B are reproduced from previous work (see ref46) and were acquired at 263 K.  In 
Figure 3.6A, a broad positive infrared band centered at 2830 cm-1 is observed and is 
assigned to the S2 state.
46  A band with similar frequency has been attributed to the S2 state 
in other types of samples, for example, PSII maintained at pH 6.0 and pH 7.5 and at 190 
K46 and 263 K.45, 47-48  This S2 infrared band was assigned to Wn
+, an internal protonated 
cluster of five water molecules (see Table 1 for an experimental overview).45-48 An example 
of the H2
18O solvent isotope shift at 263 K is presented in Figure 3.6B, in which a large 
18O induced shift in frequency is observed, compared to Figure 3.6A.  This large H2
18O 
shift was attributed previously to a reorganized, protonated water cluster of different size 
at this temperature (Figure 3.6A and B).46   See also Table 1, which summarizes results 
from other groups on this topic.  A reported failure to observe the H2
18O solvent isotope 
shift in two cases in the literature may have been due to lack of efficient exchange. 
78 
 
Figure 3.6 H218O solvent exchange effects on a PSII infrared band as a function of 
temperature.  RIFT-IR difference spectra (3200-1750 cm-1 region) are associated with 
the S1 to S2 transition at pH 7.5.  S2-minus-S1 spectra were recorded either at (A-B) 
263 K or (C-D) 283 K.  Samples: (A) PSII in H216O buffer; (B) PSII in H218O buffer; 
(C) Cl-PSII in H216O buffer; and (D) Cl-PSII in H218O buffer.  Each spectrum is an 
average of (A, B) 5 and (C, D) 10 data acquisition loops acquired from (A) 12, (B) 11, 
(C) 16 and (D) 15 different samples. The data in (A, B) are reproduced from ref47.  In 
(A) and (B), Gaussian fits are shown as superimposed solid lines.  Data were fit with 
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IGOR (Wavemetrics, Lake Oswego, OR) software.  Spectra in (A, B) were acquired 
at 8 cm-1 resolution; spectra in (C, D) were acquired at 4 cm-1 resolution. 
Figure 3.6C and D present the S2-minus-S1 spectrum obtained from Cl-PSII at 283 
K and pH 7.5.  At 283 K, a large apparent 18O shift is not apparent, and this result is 
attributed to inability to trap a reorganized species at this temperature (Figure 3.6C and D).  
However, with 4 cm-1 spectral resolution, additional sharp bands are resolved in the 2830 
cm-1 region, and small H2
18O-induced isotope shifts, expected as ~10 cm-1, are indeed 
observed in these bands (Figure 3.6C and D, brackets).  The coupling that occurs between 
hydronium, water, and amino acid side chains complicates a simple interpretation of the 
isotope shifts at this temperature.  Note that coupling of H3O
+ bands with amino acid 
vibrational bands may rationalize 15N shifts reported previously in the literature in this 
region (Table 1 and ref. 44). The observation of this H2
18O shift in Cl-PSII at 283 K 
unambiguously supports assignment of the 2830 cm-1 band to water.  The low frequency 
of this water band, which is downshifted significantly from that of bulk water, supports 
assignment to a hydronium ion.  The sensitivity to calcium depletion and ammonia 
treatment, previously reported (Table 1), supports assignment to an internal hydronium ion.  
Figure 3.7A shows that depletion of chloride through sulfate treatment leads to a 
reduction in the intensity of the 2830 cm-1 band (Figure 3.7B, green).   Accompanying 
dramatic decreases in intensity in the mid-infrared region were also observed (compare 
Figure 3.7C and Figure 3.7D, green).  Compared to previous mid-infrared report in the 
literature,26,40,72 the intensity change in the mid-infrared region in Figure 3.7 is more 
extensive, consistent with more effective chloride depletion in this type of preparation and 
with this method. 
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Figure 3.7 RIFT-IR spectrum of the (A) 3200-1750 cm-1 region and (B) 2000-1000 cm-
1 region associated with the S1 to S2 transition.  Data acquired using either (A, C) Cl-
PSII or (B, D) Cl-depleted PSII (green) samples at 283 K in pH 7.5 buffer. In (B, D), 
the Cl-PSII spectrum from (A, C) has been overlaid for comparison (black dotted 
line).  The data were smoothed using a 17 point Savitzky–Golay algorithm. Each 
spectrum is an average of 5 data acquisition loops acquired from (A) 12 and (B) 11 
different samples. 
 
To test for a possible role of chloride in maintaining Wn
+, anion exchange with two 
other activating anions, bromide and nitrate, was performed, and the results are 
summarized in Figure 3.8.  
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Figure 3.8 Anion substitution effects on a PSII infrared band at 283 K.  RIFT-IR 
difference spectra (3200-2150 cm-1 region) are associated with the S1 to S2 transition 
at pH 7.5.  S2-minus-S1 spectra derived from samples: (A, black) Cl-PSII; (B, red) Br-
PSII; (C, blue) 14NO3-PSII; and (D, pink) 15NO3-PSII.  Each spectrum is an average 
of 5 data acquisition loops acquired from (A) 12, (B) 10, and (C and D) 8 different 
samples. A 17-point smoothing has been applied to the data using the Savitzky–Golay 
algorithm.  Gaussian functions are shown superimposed as solid lines. Data were fit 
with IGOR (Wavemetrics, Lake Oswego, OR) software. 
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In Figure 3.8B (red), C (blue) and D (pink), the 3200-2150 cm-1 regions acquired 
from Br-PSII, 14NO3-PSII and 
15NO3-PSII samples are presented. Figure 3.8A shows the 
analogous band in Cl-PSII samples.  Bromide exchange (Figure 3.8B, red) upshifts the 
2830 cm-1 band by 87 cm-1, to 2917 cm-1 in Br-PSII.  In 14NO3-PSII (Figure 3.8C, blue), 
part of the 2830 cm-1 band shifts down, with a new positive band appearing at ~2582 cm-
1.  As shown in Figure 3.8D, pink, data obtained in Na15NO3-containing buffer are 
indistinguishable from the 14NO3-PSII data. Hence, vibrational modes of the nitrate anion 
that involve significant nitrogen displacement do not contribute to this spectral region.  
Note that the literature contains reports of anion replacement and depletion in "salt washed" 
PSII and BBY membranes.26,40,72  However, the 2800 cm-1 region was not reported in those 
previous studies.  
To interpret our experimental results, QM calculations on a model of the OEC were 
conducted (Figure 3.5).  The model comprised seven free water molecules, manganese, 
calcium, chloride and additional stabilizing ligands as detailed above.  A hydronium ion 
was found to be stabilized in close proximity to the chloride.  Chloride was computationally 
substituted by bromide and nitrate, and the geometry of the model was allowed to relax. 
The anion substitutions did not affect significantly the structure of the hydronium ion or 
the positions of water molecules in the model. 
The final geometry optimized structure with chloride (Figure 3.5) was used to 
compute vibrational frequencies (Figure 3.9).  A relevant portion of the predicted infrared 
spectrum is shown in Figure 3.9.   
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Figure 3.9 Computed IR spectrum (3200-2200 cm-1 region) of the geometry optimized 
model in Fig. 2 containing either (A) chloride, (B) bromide, or (C) nitrate. The 
normalized intensities are plotted along the Y-axis. 
Normal mode descriptions of the 2738, 2824, and 3125 cm-1 infrared bands are 
given in Figure 3.10, A-C.  Bands at 2738 (WSI) and 2824 cm
−1 (WSII) correspond mainly 
to stretching modes of the hydronium ion (Figure 3.9A).  This result is in agreement with 
previous experimental and theoretical studies of gas phase, protonated water clusters.73  
The representative 3125 cm-1 normal mode is distinct from WSI and WSII in that this mode 





Figure 3.10 Normal mode analysis of the Cl-PSII model for (A) 2738 cm-1 (B) 2824 
cm-1 and (C) 3125 cm-1.  Atomic displacements are displayed as purple arrows. Color 
of atoms: carbon, gray; nitrogen, blue; oxygen, red; hydrogen, white; manganese, 
orange; calcium, yellow; lithium, pink; and chloride, cyan. 
Bromide was substituted for chloride in the model, and the geometry was 
reoptimized.  The recalculated hydronium stretching frequencies shift due to bromide 
substitution (Figure 3.9B). The 2824 cm-1 (WSII) band is predicted to downshift by 44 cm
-
1 to 2780 cm-1, while the 2738 cm-1 (WSI) band upshifts in frequency by 165 cm
-1 (Figure 
3.9B).  When the predicted relative intensities are considered, the overall expectation 
derived from the bromide-substituted model is a shift of bands in the 2700-2800 cm-1 
region to higher wavenumber.  With nitrate substitution in the computational model, two 
bands are predicted at 2690 cm-1 and 2836 cm-1.  When compared to the chloride model, 
the 2738 cm-1 (WSI) band downshifts by 48 cm
-1 to give an intense 2690 cm-1 band, whereas 
the 2824 cm-1 (WSII) band upshifts by 12 cm
-1 to give a less intense 2836 cm-1 band.   The 
overall prediction, considering frequency and intensity and based on this nitrate-substituted 
model, is a spectral downshift of the hydronium stretching mode. 
For the bromide model, the 2780, 2903 and 3127 cm-1 normal modes are shown in 
Figure 3.11, A-C.   
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Figure 3.11 Normal mode analysis of the Br-PSII model for (A) 2780 cm-1 (B) 2903 
cm-1 and (C) 3127 cm-1.  Atomic displacements are displayed as purple arrows. Color 
of atoms: carbon, gray; nitrogen, blue; oxygen, red; hydrogen, white; manganese, 
orange; calcium, yellow; lithium, pink; and bromide, brown. 
Figure 3.12, A-C, presents the atomic displacements giving rise to the 
corresponding 2690, 2836 and 3133 cm-1 vibrational modes in NO3-PSII. In all the models, 
the extra proton is stabilized as H3O
+ on the water closest to the anion.   As predicted for 
the chloride-substituted model, the WSI and WSII modes are localized mainly on the 
hydronium group in the bromide and nitrate-containing model.  The representative >3100 
cm-1 bands have very little contribution from the hydronium ion in any of the three models 
and are not as sensitive to anion substitution as WSI and WSII (Figure 3.10, Figure 3.11, 
and Figure 3.12).   
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Figure 3.12 Normal mode analysis of the NO3-PSII model for (A) 2690 cm-1 (B) 2836 
cm-1 and (C) 3133 cm-1.  Atomic displacements are displayed as purple arrows. Color 
of atoms: carbon, gray; nitrogen, blue; oxygen, red; hydrogen, white; manganese, 
orange; calcium, yellow; and lithium, pink. 
 
 Comparing these predictions to PSII derived spectra, the frequency and intensity 
observed for Wn
+ in Cl-PSII is consistent with an assignment to WSI/WSII mode(s) of 
H3O
+.  In PSII, exchange of bromide induced a ~90 cm-1 upshift in the Wn
+ 2830 cm-1 band, 
and nitrate substitution induced a 250 cm-1 downshift in the Wn
+ band. Thus, the observed 
frequencies and directions of anion-induced shifts, are consistent with the theoretical 
predictions derived from the OEC model.  While the direction of the shift matches the 
theoretical prediction, the magnitudes are different, especially for nitrate.  This difference 
could be due to long-range electrostatic interactions and to geometric constraints on nitrate 
conformation induced by OEC amino acids, which are not included in our small model. 
3.5 Discussion 
We have used RIFT-IR spectroscopy and quantum mechanical calculations to 
investigate the role of chloride in PSII proton transfer.  Theoretical treatment of a minimal 
OEC model predicts stabilization of a hydronium ion near the chloride ion.  The bromide 
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and nitrate substituted analogs also stabilize the hydronium ion in silico.  In the chloride 
model, normal mode analysis predicts two infrared bands at 2738 and 2824 cm-1, which 
originate from localized stretching vibrations of the hydronium group.  This prediction is 
in excellent agreement with the experimental data and 18O isotope exchange data, which 
assign bands with significant absorption at 2830 cm-1 to a small, protonated water cluster 
in the S2 state.  Previous assignments of this band have been discussed extensively
45-48 and 
have been summarized in Table 1.  At 263 K, a large H2
18O solvent exchange effect is 
observed for the 2830 cm-1 band. This large, apparent isotope shift may be due to 
heterogeneity in cluster size at this temperature, caused by the change in viscosity of 
H2
18O.47 At higher temperature, as employed here at 283 K, small isotope shifts in sharp 
spectral features are observed, consistent with the expected isotope shift due to 18O 
exchange of 10 cm-1.74  
In PSII, we report that anion exchange with activating bromide and nitrate anions 
shifts the 2830 cm-1 band. In the case of bromide, the direction and magnitude of the anion 
exchange-induced shift agrees when theory and experiment are compared. An upshift of 
~50-150 cm-1 is predicted while a 90 cm-1 upshift is observed in the bromide-substitution 
experiment.  After nitrate exchange, a new downshifted band is observed at 2582 cm-1, 
which corresponds to a downshift of 250 cm-1. This is in qualitative agreement with the 
theoretically predicted downshift, however the magnitude of the theoretical, predicted 
shift, 48 cm-1, is smaller.   The structure employed for the OEC is a small model, designed 
to develop intuition concerning the contributions of the hydronium ion species.  The model 
may not yet include all pertinent influences on the nitrate-supported hydronium ion.  Note 
that the charge on the model is relevant to the S2 state and that electronic structure 
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calculations on large OEC models have been reported previously.75-77 However, these 
computationally more demanding models have not yet explicitly considered water 
protonation during the S1 to S2 transition. 
To rationalize the direction of the frequency shifts, observed with different anions, 
we considered the size and basicity of the anions. The ionic radii of chloride, bromide, and 
nitrate are similar at 184, 196, and 189 pm.78-79 Hence, substitution of bromide or nitrate 
for chloride should not be sterically disruptive. The proton-accepting ability of these 
conjugate bases can be assessed based on the pKa values of their corresponding acids, HCl, 
HBr, and HNO3.  HNO3  (pKa  -1.4) is the weakest acid, followed by HCl (pKa -7) and then 
HBr (pKa -9), which is the strongest acid.
79 Therefore, nitrate is the strongest conjugate 
base in the series and has a strong, stabilizing interaction with the neighboring hydronium 
ion.  The observed effect on the spectrum is analogous to the influence of strengthening 
hydrogen bonds, i.e., a downshifting of vibrational bands. The opposite effect on spectral 
bands is observed in bromide, which is the weakest base in the series. Because of its larger 
size and weaker affinity for the proton, bromide causes the proton to be weakly bound to 
the neighboring water molecule, thereby causing an upshift of the infrared bands relative 
to chloride.  In addition to the direction of the observed shifts, the magnitudes can also be 
rationalized by the difference in the pKa values of the acids.  Chloride and bromide are 
much closer in pKa compared to nitrate. Hence, the magnitude of the anion-induced shift 
is much larger for the nitrate substitution, compared to the bromide substitution.    
The experimentally observed 2830 cm-1 band in the S2 state is quite broad, and this 
can be due to several contributing factors.  First, inhomogeneous broadening could play a 
major role. Observed frequencies are dependent on the size, shape and environment of the 
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contributing hydronium ions. The spectrum is a superposition of contributions from 
hydronium ions in similar but not identical environments. Second, besides the 2738 and 
2824 cm-1 bands arising from vibrations of the hydronium ion, there are additional bands 
in the 3200-2700 cm-1 region predicted in the anion-substituted spectra by the small OEC 
model. For example, in the Cl-PSII calculated spectrum, there are predicted bands at 2950, 
3023, 3054, and 3125 cm-1. These bands contain contributions from N-H stretches of K317, 
O-H stretches of free water molecules, and Mn-bound hydroxides. It is possible that these 
underlying vibrations contribute to the overall broad infrared band that is experimentally 
observed. The observation that chloride depletion does not completely eliminate the 2830 
cm-1 band lends credence to this idea.  
By structural analogy with two other chloride-dependent enzymes, α-amylase and 
ACE, it has been proposed that chloride exerts its effect on PSII activity by a 
conformational gating mechanism, which tunes the pKa of acidic residues involved in the 
proton transfer pathway.80  For example, chloride has been proposed to prevent a salt bridge 
formation between the side chains of D1-D61 and D2-K317.  D1-D61 is a part of the 
putative proton exit pathway.  Chloride is proposed to make D1-D61 an efficient proton 
acceptor by regulating its pKa and/or correctly positioning the aspartate side chain (Figure 
3.1 and Figure 2.12).  Theoretical43, 81 and mutagenesis studies in cyanobacterial PSII41-42 
have provided support for this idea. For example, in a recent computational study, the 
effects of chloride depletion on the generation of the S2 state was investigated.
43 It was 
concluded that in the absence of chloride, the deprotonation of a Mn-bound water becomes 
unfavorable. In another study, the role of D1-D61 was investigated in detail in 
cyanobacteria (Table 1).82 The broad ~2800 cm-1 band was found to be eliminated in the 
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D1-D61A mutant. This observation implies a role of D1-D61 in maintaining and stabilizing 
the network required for proton transfer. The results reported in the current study are 
consistent with these existing proposals in the literature. 
In our work, we show that, in addition to this putative role for chloride in 
conformational gating, chloride plays a direct role maintaining internal proton transfer 
networks, which involve water in PSII.  Although chloride is not required kinetically for 
the S1 to S2 transition,
25, 32 chloride may play a structural role during this transition, which 
is not rate limiting.  Our results are consistent with a mechanism in which chloride 
stabilizes a S2 proton transfer intermediate during photosynthetic water oxidation. 
3.6 Conclusions 
Water functions as both a substrate and catalyst for proton transfer during 
photosynthetic oxygen evolution. Based on our experimental results, the intermediary 
protonated cluster of water molecules, Wn
+, formed during the S1 to S2 transition,
 is 
proposed to be near the chloride ion (Figure 3.1C and Figure 2.12).  This conclusion is 
based on the significant shifts observed in the vibrational spectrum after anion exchange 
and depletion in PSII.  Our theoretical model predicts that all three anions, chloride, 
bromide, and nitrate, stabilize a protonated water cluster.  This finding provides a 
rationalization of activity retention in all three anion-substituted PSII samples. Our work 
provides the first evidence for the involvement of the chloride ion in regulating proton 
transfer by internal water networks in photosystem II. 
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CHAPTER 4.  ENGINEERING PROTON TRANSFER IN 
PHOTOSYNTHETIC OXYGEN EVOLUTION: CHLORIDE, 
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4.1  Abstract 
Photosystem II oxidizes water at a Mn4CaO5 cluster.  Oxygen evolution is accompanied by 
proton release through a 35 Å hydrogen-bonding network to the lumen.  The mechanism 
of this proton transfer reaction is not known, but the reaction is dependent on chloride.  
Here, vibrational spectroscopy defines the functional properties of the proton-transfer 
network using chloride, bromide, and nitrate as perturbative agents.  As assessed by peptide 
C=O frequencies, bromide substitution yields a spectral Stark shift, due to its increase in 
ionic radius.  Nitrate substitution leads to more complex spectral changes, consistent with 
an overall increase in hydrogen bonding interactions with the peptide backbone.  The 
effects are similar to spectral changes previously documented in site-directed mutations in 
a putative lumenal pathway. Importantly, the effects of nitrate are reversed by the osmolyte, 
trehalose.  Trehalose is known to alter hydrogen-bonding interactions in proteins.  
Trehalose addition also reverses a shift in an internal hydronium ion signal, consistent with 
an alteration in its pKa value and a change in the basicity of bound nitrate.  The spectra 
provide evidence that the proton transfer pathway contains peptide carbonyl groups, 
internal water, a hydronium ion, and amino acid side chains.  These experiments also show 
that the proton transfer pathway functionally adapts to changes in electric field, pKa, and 
hydrogen bonding and thereby optimizes proton transfer to the lumen. 
4.2 Introduction 
Photosynthetic oxygen evolution by green plants and cyanobacteria is directly 
responsible for sustaining aerobic life on earth.1  The mechanism of the water oxidation 
reaction, which generates molecular oxygen, is not yet fully understood.  The site of oxygen 
101 
evolution is the multisubunit membrane protein, photosystem II (PSII). Several 
transmembrane subunits, along with three extrinsic subunits, comprise PSII. 2-4 The 
integral membrane-spanning subunits are D1, D2, CP47 and CP43. Oxygen evolution 
follows a period four oscillatory pattern.5 At its catalytic core, PSII contains a Mn4CaO5 
cluster (Figure 4.1), referred to as the oxygen-evolving complex (OEC). Stepwise, 
photoinduced oxidation of the OEC causes it to sample a series of oxidation states called 
the Sn states (Figure 4.1B), where n corresponds to the number of accumulated oxidizing 
equivalents (n=0-4).5 These oxidation reactions are driven by charge separation involving 
redox active cofactors after light absorption. Oxidation of the dimeric chlorophyll donor, 
P680, initiates the oxidation of the redox active tyrosine YZ (D1-Y161).
6 The powerful 
oxidant YZ
● is thereby generated, which subsequently oxidizes the OEC.7-8 This oxidation 
reaction is repeated four times and leads to the generation of molecular oxygen.9 After dark 
adaptation, the S1 state is predominant.  With each flash, the cycle advances to the next S-
state. After reaching the S3, state, the OEC reverts to its most reduced S0 state by oxidizing 
water. This transition occurs through the metastable S4 state.
5 Four flashes are therefore 
required to reset the OEC back to the S1 state. 
The S1 to S2 transition corresponds to a manganese oxidation reaction.
9  Figure 4.1B 
illustrates the S state cycle of proton release in sucrose-containing buffers. Four protons 
are released over one full S-state cycle, but the pattern of this release is not symmetrical.  
The S0 to S1 and S2 to S3 transitions are accompanied by the release of one proton, and the 
S3 to S0 transition is associated with the release of two protons.  However, the S1 to S2 
transition is not associated with proton release in sucrose buffers.10   On this transition, 
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recent evidence suggests that an internal hydronium ion is formed and is stabilized on the 
proton transfer network.11 
 
Figure 4.1 (A) Hydrogen-bonding network extending from the OEC to the chloride 
ions.  The figure was created using the cyanobacterial PSII X-ray structure (PDB ID: 
4UB62). Blue spheres represent water molecules involved in the predicted hydrogen-
bonding network. Chloride ions are represented as cyan spheres. Amino acid residues 
are shown as sticks, and hydrogen-bonding interactions are represented by dashed 
lines.  Residues from the PSII subunits, D1, D2, and CP43 are green, yellow, and blue, 
respectively. Mn4CaO5 cluster: calcium, yellow; manganese, gray; oxygen, red. (B) S-
state cycle5 leading to photosynthetic water oxidation; the step-wise oxidation is 
achieved in PSII using laser flashes. The current study describes the S1 to S2 
transition. 
 Chloride ions are required for optimal oxygen evolution activity.12 The mechanism 
by which this anion exerts its influence on oxygen evolution is still under investigation. 
Two chloride ions, Cl-1 and Cl-2, are located 6.6 and 7.5 Å away from the OEC, 
respectively2 (Figure 4.1A).  A third chloride ion, ~25 Å away from the metal cluster, is 
evident in the cyanobacterial PSII structure, but is not assigned in a recently published 
plant PSII structure.4 Recently, a nitrate-substituted cyanobacterial PSII structure has been 
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published but is not available yet for detailed analysis.13  The S2 to S3 and S3 to S0 transitions 
exhibit a kinetic requirement for chloride.14 Other monovalent ions have been tested for 
their ability to replace chloride and sustain oxygen evolution. The observed activation 
followed the series: Cl− > Br− >> NO3
− > NO2
− > I−.15    
There are very few examples of proteins that employ chloride as a cofactor in 
biology. Two other enzymes, α-amylase16 and angiotensin-converting enzyme (ACE),17 
utilize chloride as a cofactor. One of the proposed roles for the chloride ion in PSII is as a 
regulator of proton transfer reactions. Studies comparing PSII to these enzymes have 
suggested that chloride requirement arises from a conformational gating mechanism, where 
chloride maintains the pKa of residues involved in proton transfer.
18 Several theoretical19-
20 and experimental studies13, 21-22 have provided support for this mechanism.  
Previously, we have shown the effect of chloride substitution on the internal 
hydronium ion, which is detected as a 2830 cm-1 infrared band observed during the S1 to 
S2 transition.
11,23 This band has been proposed to arise from an internal, protonated water 
cluster, designated Wn
+.24-26 Anion substitutions shifted the band in directions predicted by 
quantum mechanical calculations on a small model of the OEC. Based on these 
observations, we proposed that chloride stabilizes Wn
+, a trapped and intermediary, 
protonated water cluster on the internal proton exit pathway on this transition.11 Although 
chloride has been reported to have no kinetic effect on this transition,15 structural effects 
associated with stabilization of the hydronium cation may be of consequence on latter 
transitions. 
In the present study, we employ reaction-induced FT-IR (RIFT-IR) spectroscopy 
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to investigate the mechanism of proton transfer and charge storage, and the role of chloride 
and activating anions in these processes.  The stabilizing network is predicted to include 
peptide carbonyl groups, amino acid side chains, and water molecules.   Therefore, infrared 
detectable amide C=O and Wn
+ vibrational frequencies can be used as markers for changes 
in the network.27-29   We show that bromide and nitrate have significant effects on the 
infrared spectrum.  Importantly, the enzyme is active in oxygen evolution in each case.  
Interestingly, the addition of trehalose, an osmolyte that increases hydrogen-bonding 
interactions, reverses the effects of nitrate.  The trehalose effect implies that internal water 
molecules play important roles in proton storage and transfer.  This study also provides 
evidence that chloride and other effective anions tune electrostatics and pKa values in the 
proton transfer network.   Remarkably, the results indicate that the network is robust and 
remains functional in spite of these changes in electrostatic and hydrogen bonding 
interactions.  This attribute may be important in optimizing proton transfer to the lumen 
under a diverse set of physiological conditions. 
4.3 Materials and Methods 
PSII was isolated from market spinach. Membrane fragments enriched in PSII 
content, called BBY membranes, were obtained through Triton X-100 treatment.30 
Octylthioglucoside (OTG) was used to further purify PSII.31 The PSII samples thus 
obtained (OTG-PSII) were suspended into 0.4 M sucrose, 50 mM 2-(N-
morpholino)ethanesulfonic acid (MES)-NaOH, pH 6.0, and 15 mM NaCl buffer and stored 
at -70oC.  
Substitution of bromide and nitrate ions for chloride was accomplished by washing 
OTG-PSII three times with buffer containing 0.4 M sucrose, 50 mM 2-[4-(2-
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hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES)-NaOH, pH 7.5, and 15 mM 
sodium salt of the anion being exchanged. To generate nitrate- and bromide-substituted 
PSII (referred to as NO3-PSII and Br-PSII, respectively), we used 15 mM NaNO3 and 
NaBr, respectively. The chloride control, referred to as Cl-PSII, was obtained by using 15 
mM NaCl in the same buffer as the other anions. To exchange NO3-PSII into trehalose 
buffer, the third wash was performed with buffer containing 0.4 M trehalose, 50 mM 
HEPES-NaOH, pH 7.5, and 15 mM NaNO3. Samples were aliquoted and frozen at -70
oC.  
Using literature protocols, chloride depletion was performed using sulfate treatment.  See 
Supporting Information for more detail.14, 32  Chloride-depleted, sulfate-treated PSII 
samples will be referred to as Cl-depleted PSII. Samples were frozen and stored at -70oC 
after aliquoting.  
Oxygen evolution assays were performed using a Clark-type electrode with freshly 
prepared 1 mM potassium ferricyanide (K3[Fe(CN)6]) and recrystallized 0.5 mM 2,6-
dichlorobenzoquinone as external electron acceptors.11 See Supporting Information for 
oxygen evolution rates and more detail concerning the measurements and characterization 
of the preparations.  Samples for RIFT-IR experiments were prepared by performing the 
final pH 7.5 wash in the respective buffer. For Cl-PSII, Br-PSII, 14NO3-PSII, and 
15NO3-
PSII samples, the buffer contained 155 mM chloride, bromide, 14N-nitrate, and 15N-nitrate 
as well as 20 mM calcium from the corresponding calcium salt.  For Cl-depleted samples, 
the final wash was performed in chloride-free buffer containing 0.4 M sucrose, 50 mM 
HEPES-NaOH, pH 7.5 and 10 mM Ca(OH)2. A 100 mM buffered stock of ferricyanide 
was used to add 15 mM ferricyanide to all RIFT-IR samples. The only exception was Cl-
PSII samples in H2
18O containing buffer.  In that case, 15 mM ferricyanide was added to 
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RIFT-IR samples from a 1 M stock prepared in H2
16O buffer.  All samples were 
subsequently pelleted by centrifugation (50,000 x g, 10 minutes, 4oC).    
Literature protocols were used to perform RIFT-IR experiments at 283 K and pH 
7.5.28-29 The pellet obtained after centrifugation was spread between two CaF2 windows 
(25 x 2 mm). The sample was then stabilized with a stream of nitrogen gas to yield a ratio 
of 2.3-3.3 between the O-H stretch (3370 cm-1) and amide II (1550 cm-1) bands. The sample 
was never dehydrated.  Nitrogen treatment has only a small effect on the concentration of 
sucrose, trehalose, chloride and other anions.  To estimate the magnitude of the 
concentration increase, gravimetric methods were used to measure sample weight before 
and after treatment with the nitrogen gas.  In this experiment, the increase in analyte 
concentration due to nitrogen treatment was estimated as no more than 25%.  To maintain 
a fixed path and prevent the appearance of interference fringes, a small piece of parafilm 
was wedged between the two windows. Silicone grease was applied to the edges of the 
windows, which were then sealed with parafilm to prevent sample dehydration during the 
experiment. 
RIFT-IR experiments were performed using a Bruker IFS 66v/S instrument. Data 
acquisition parameters were: spectral resolution of 4 cm-1 for Cl-PSII samples in H2
18O 
buffer and corresponding H2
16O controls and 8 cm-1 for all other samples; Happ-Genzel 
apodization function; 60 kHz mirror speed; four levels of zero filling; and Mertz phase 
correction. A single saturated preflash from a 532 nm Nd-YAG laser (at 40 mJ/cm2 power 
density) was applied to the PSII sample. The sample was then dark adapted for 20 minutes. 
A germanium window was used to block the internal HeNe laser of the FT-IR spectrometer. 
Following the dark adaptation, the sample was subjected to eight 532 nm actinic flashes. 
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Rapid scan data was collected for 5 seconds before and after each flash. One series of eight 
such flashes constituted one data collection loop. The first loop was followed by 15 minutes 
of dark adaptation after which the entire data collection loop, including the preflash and 20 
minutes dark adaptation, was repeated four times.  This protocol allows sufficient time to 
reset the sample to the S1 state between loops.  The difference spectra were generated by 
ratioing the single channel data preceding and following each actinic laser flash.  Using the 
absorption spectrum (scans ratioed to background) of each sample, the intensity of the 
amide II band was determined. Using these intensities, the RIFT-IR difference spectra were 
normalized to an absorbance of 0.5. This step ensured that differences in path length and 
sample thickness were accounted for among all the difference spectra. The RIFT-IR 
difference spectra were then plotted and analyzed using IGOR (Wavemetrics, Lake 
Oswego, OR) software. 
4.4 Results 
Figure 4.2 presents the effects of anion exchange on the S2-minus-S1 RIFT-IR 
difference spectrum in the 1800-1200 cm-1 region as derived from Cl-PSII (A), Br-PSII 
(B), and NO3-PSII (C) samples.  The spectrum acquired from Cl-PSII samples (Figure 4.2) 
is similar to earlier reports from our laboratory, in which spectra were derived from PSII 
samples at 263 K.26, 29  Distinctive bands in the three amide regions (amide I: 1650 cm-1; 
amide II: 1550 cm-1;  amide III: 1400-1200 cm-1) are observed.  The frequencies and 
intensities of these bands are expected to be sensitive to intramolecular and intermolecular 
hydrogen bonding and will serve as probes of the environment around the chloride ion.   
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Figure 4.2 Effects of anion substitution on PSII at pH 7.5 and 283 K (1800-1200 cm-1 
region).  The S2-minus-S1 spectra were derived from (A, black) Cl-PSII; (B, red) Br-
PSII; (C, blue) 14NO3-PSII; and (D, pink) 15NO3-PSII.  Each spectrum contains the 




 Figure 4.2B presents the S2-minus-S1 spectrum derived from Br-PSII samples. The 
spectrum is similar to the Cl-PSII spectrum (overlaid in Figure 4.3A).  This similarity is 
easily rationalized because bromide is an activating anion and supports oxygen evolution 
at 89% of the chloride control. However, the chloride-minus-bromide double difference 
spectrum (Figure 4.4A) does identify spectral changes.  Interestingly, a second derivative-
shaped band is observed with frequencies of (+)1658, (-)1649, and (+)1628 cm-1.  Upon 
examining the overlaid data, this spectral feature can be attributed to a ~4 cm-1, bromide-
induced downshift of a derivative band at 1656/1643 cm-1 (Figure 4.3, inset).  Spectral 
shifts observed in the remainder of the mid-infrared are of similar magnitude.  Note that 
this altered spectrum is associated with enzymatic turnover through the bromide-
substituted pathway.   
 In Figure 4.2C, the 14NO3-PSII spectrum associated with the S1 to S2 transition is 
presented. Significant changes are evident when comparing these data to the Cl-PSII or Br-
PSII spectra (overlaid in Figure 4.3).  Complex changes are observed in the amide I (1650 
cm-1), amide II (1550 cm-1), and amide III (1400-1200 cm-1) regions.  In particular, a 1630 
cm-1 band, observed in Cl-PSII, is eliminated in NO3-PSII.  The analogous band is observed 
in Br-PSII at 1633 cm-1.  In addition, nitrate substitution alters a band at 1531(+)/1522(-) 
cm-1 and in the 1390-1330 cm-1 region.  Note that when 14NO3-PSII and 
15NO3-PSII are 
compared, no significant spectral changes are observed (Figure 4.2D).  On the other hand, 
the chloride-minus-nitrate double difference spectrum, generated using the 14NO3-PSII and 
15NO3-PSII data (Figure 4.4, B and C) does show significant spectral perturbations, as 
described above.  These nitrate-altered spectra are also associated with light-induced 
turnover, although at lower steady state levels (29%) compared to Cl-PSII. 
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Figure 4.3 Overlay of RIFT-IR spectra (1800-1200 cm-1 region) associated with the S1 
to S2 transition and effects of anion substitution at pH 7.5 and 283 K.  Samples:  in 
(A, B, C, gray) Cl-PSII; in (A, red) Br-PSII; in (B, blue) 14NO3-PSII; and in (C, pink) 
15NO3-PSII.  Inset: Br-PSII spectrum (red) overlaid with Cl-PSII spectrum (gray) in 
the 1665-1635 cm-1 region. 
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Figure 4.4 RIFT-IR double difference spectra (1800-1200 cm-1 region) showing the 
effects of anion substitution on PSII at pH 7.5 and 283 K. Double difference spectrum 
associated with the S1 to S2 transition for (A) Cl-minus-Br PSII; (B) Cl-minus-14NO3 
PSII; and (C) Cl-minus-15NO3 PSII.  (D) represents a control double difference 
generated by subtracting one half of the Cl-PSII data set from the other half and 
dividing by √𝟐. 
In the 1650 cm-1 region of the RIFT-IR spectrum, spectral bands arising from C=O 
groups of the protein are expected to make a major contribution to the spectrum.  These 
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contributions can arise due to changes in hydrogen bonding and electrostatic interactions.  
However, a direct, overlapping contribution from water is also possible in this region.  To 
test the assignment of the 1630 cm-1 band, which is altered by nitrate treatment, we 
employed H2
18O solvent exchange.  Figure 4.5 presents the Cl-PSII spectrum in the 1800-
1600 cm-1 region, recorded using 4 cm-1 resolution.  In Figure 4.5B, Cl-PSII was exchanged 
into H2
18O-containing buffer.  In this region, bands from water are expected to originate 
from O-H bending modes and usually appear ~1650 cm-1.  As shown using the red asterisk 
in Figure 4.5, the 1630 cm-1 band is not altered by H2
18O exchange. This observation 




Figure 4.5 RIFT-IR spectra associated with H218O solvent exchange in Cl-PSII at pH 
7.5 and 283 K (1800-1600 cm-1 region).  The S2-minus-S1 difference spectra are 
derived from: (A) Cl-PSII in H216O buffer; (B) Cl-PSII in H218O buffer; and (C) 
overlay of data shown in (A) and (B).  (D) represents the baseline before the first flash, 
as derived from the Cl-PSII samples. The red asterisk indicates the position of the 
1630 cm-1 band. Each spectrum is an average of 10 data acquisition loops acquired 
from (A) 16, and (B) 15 different samples.  Spectra were acquired at 4 cm-1 resolution. 
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To summarize, nitrate substitution induces amide band intensity changes; this effect 
is consistent with a perturbation of the OEC hydrogen-bonding network due to nitrate 
binding at the chloride site.  Nitrate is an extended, planar molecule with many possible 
hydrogen-bonding interactions with its environment, when compared either to chloride or 
bromide.  To test this idea, we used the cryoprotectant, trehalose, which is known to restore 
hydrogen-bonding networks in proteins.33 Trehalose has been shown previously to reverse 
ammonia-induced changes in the OEC hydrogen-bonding network.28 Figure 4.6 compares 
the amide I (A-D) and amide II (E-H) regions of NO3-PSII in trehalose (Figure 4.6, C and 
G) and sucrose buffer (Figure 4.6, B and 4F).  The 1630 cm-1 amide I signal, which was 
eliminated by nitrate substitution in sucrose, is partially restored when NO3-PSII is 
suspended in trehalose-containing buffer (compare Figure 4.6, A and C). The 
1531(+)/1522(-) cm-1 differential feature is also partially restored.  In the absence of nitrate, 
trehalose has only a minor effect on the mid-infrared region of the spectrum, as previously 
reported.28  Significantly, trehalose-induced changes in the 1630 cm-1, 1531/1522 cm-1, and 
amide III bands are specific to the use of nitrate-treated PSII and are not observed in the 
chloride-treated control (Figure 4.7). 
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Figure 4.6 Trehalose-induced changes during the S1 to S2 transition in nitrate-
substituted PSII at pH 7.5 and 283 K. RIFT-IR difference spectrum in the (A-D) 1800-
1600 cm-1; and (E-H) 1600-1350 cm-1 region. S2-minus-S1 difference spectra generated 
from (A, E, black) Cl-PSII samples in sucrose-containing buffer; (B, F, blue) 14NO3-
PSII samples in sucrose-containing buffer; and (C, G, pink) 14NO3-PSII samples in 
trehalose-containing buffer. (D, H, black) represents the baseline before the first flash 
derived from Cl-PSII samples. Spectra in (A, B, E and F) are reproduced from Figure 
2.  The boxed regions are discussed in the text. 
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Figure 4.7 Trehalose and sucrose treatment of Cl-PSII and RIFT-IR spectra recorded 
at pH 7.5 and 283 K (1900-1200 cm-1).  S2-minus-S1 spectra are derived from Cl-PSII 
samples in (A) sucrose-containing buffer or (B) trehalose-containing buffer.  In (C), 
the baseline before the first flash is shown.  Each spectrum is an average of 5 data 
acquisition loops from (A) 15 and (B) 8 different samples. 
We have recently reported the effect of anion exchange on a broad 2830 cm-1 band, 
assigned to the vibrations of a S2 state, protonated water cluster, Wn
+.11 Based on the anion-
exchange induced shifts observed for the 2830 cm-1 band, we proposed that Wn
+ is 
influenced electrostatically by the chloride binding site(s).  The 3200-2150 cm-1 region of 
Figure 4.6 is presented in Figure 4.8.  As reported earlier,11 the data exhibits a high signal-
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to-noise ratio (~8), when comparing the 2830 cm−1 Wn
+ band to the peak-to-peak noise at 
2220 cm−1.  
 
Figure 4.8 Effect of nitrate and trehalose on the Wn+ infrared band at pH 7.5 and 283 
K (3200-1650 cm-1 region).  The S2-minus-S1 spectra are derived from samples: (A, 
black) Cl-PSII in sucrose-containing buffer; (B, blue) 14NO3-PSII in sucrose-
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containing buffer; (C, pink) 15NO3-PSII in sucrose-containing buffer; and (D, 
green) 14NO3-PSII in trehalose-containing buffer. Data were recorded at 8 cm-
1 resolution. Each spectrum is an average of 5 data acquisition loops acquired from 
(A) 15, (B) 8, (C) 8,  and (D) 9 different samples.  A 17-point smoothing has been 
applied to the data using the Savitzky–Golay algorithm.  Bands from ferricyanide and 
ferrocyanide have been removed for presentation purposes.  The data in (B and C) 
are reproduced from ref11. 
 In Figure 4.9, spectra were recorded from Cl-PSII in H2
16O (black) or H2
18O 
(yellow) buffer at 283 K.  In previous work at 190 K or 263 K, a large 18O downshift of the 
broad 2830 cm-1 band was observed.25,26 This shift was previously attributed to a change 
in viscosity in H2
18O buffer at this temperature, which changes the size of the hydronium 
ion water shell.  Figure 6 presents the results of H2
18O buffer exchange at 283 K.  Spectra 
were acquired in H2
16O (Figure 4.9A) or H2
18O (Figure 4.9B); the data were divided into 
two pools and averaged to provide evidence of reproducibility of peak position and 
lineshape.  In this context, the superposition of the H2
16O and H2
18O data (Figure 4.9C) 
provides evidence for complex solvent isotope shifts in the position of sharp spectral 
features and for alterations in the broad infrared lineshape of Wn
+.   The effect is more 
subtle than the effects observed at lower temperature. Figure 4.9, inset presents spectra on 
an expanded scale to establish that 5-10 cm-1 H2
18O-induced downshifts are observed in 
some of the sharp spectral features, which are superimposed on the broad band.  As a 
negative control, one-half of the H2
16O data set is overlaid with the other half in Figure 
4.9A.  Peak position, lineshape, and many of the sharp spectral features reproduce in the 
sub-averages (Figure 4.9A).  The reproducible positions and intensities of sharp spectral 
features are also evident in overlays of one half of the H2
18O data set with the other half 
(Figure 4.9B).   By comparison, an overlay of H2
18O and H2
16O spectra exhibit solvent 
isotope-induced shifts (Figure 4.9C). The solvent isotope shifts, as well as the frequency 
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of the Wn
+ band,24,25 are consistent with the assignment of the 2830 cm-1 signal to an 
internal, protonated water cluster (see discussion in ref11, 26 and Table 1).    
 
Figure 4.9 Solvent-isotope effects on the Wn+ infrared band at 283 K and pH 7.   RIFT-
IR spectra (3200-1650 cm-1) were derived from Cl-PSII in H216O (A and C, blue) or 
H218O (B and C, orange) buffer.  In (A, B), the total data set was randomly divided 
into two pools, each pool was averaged, and then the two sub-averages were 
superimposed to show reproducibility in this region.  In (C), the spectra derived from 
Cl-PSII in H216O buffer (blue) and H218O buffer (orange) are superimposed to show 
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solvent isotope effects.   Data in (A, B) were divided by √𝟐 to account for difference 
in the number of scans. Data were collected at 4 cm-1 resolution. A 17-point smoothing 
has been applied to the data using the Savitzky–Golay algorithm.  The data in (C) are 
reproduced from ref.11.  The inset shows an expanded view of Figure 4.9C, showing 
an example of solvent-isotope induced shifts, assignable to the Wn+ infrared band at 
283 K and pH 7. 
As previously discussed, the Wn
+ band shifts from 2830 to 2582 cm-1 in NO3-PSII 
(Figure 4.8, A and B).  The same result was obtained using either the 14NO or 15NO3 
isotopomer (compare Figure 4.8, B and C).  Previously, based on QM/MM calculations, 
this 248 cm-1 downshift was attributed to nitrate acting as a stronger conjugate base than 
chloride, thereby exerting a greater stabilizing influence on Wn
+.11 Taken together, these 
observations indicate that the structure of water, as assessed by the signal of Wn
+, is altered 
by nitrate.  Figure 4.10 establishes the reproducibility of peak position for Wn
+ in control 
PSII samples.  In Figure 4.10, A and B, spectra from Cl-PSII in H2
16O buffer were sorted 
randomly into four sets and then averaged to generate sub-averages   The four sub-averages 
are superimposed in pairs in Figure 4.10, A and B.  The overlays show that the center 
frequency and lineshape of the 2830 cm-1 band are indistinguishable in the four sub-
averages.  This is also evident when the peak position is measured as the centroid.  The 
four H2
16O sub-averages have centroids of 2831, 2831, 2836, and 2839 cm-1; the overall 
average has a centroid frequency of 2829 cm-1.  This reproducibility is also evident in the 
overlay of the Wn
+ band, as derived from Cl-PSII in sucrose (black) and trehalose (orange) 
buffer (Figure 4.10C).  This overlay shows that no significant change is observed in band 
center position and lineshape.   
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Figure 4.10 Reproducibility of the Wn+ band peak position in RIFT-IR spectra 
acquired from Cl-PSII (A-C) and the effect of trehalose treatment on RIFT-IR 
spectra derived from NO3-PSII (D).  The RIFT-IR spectra (3200-1650 cm-1 region) 
are associated with the S1 to S2 transition at pH 7.5 and 283 K.  Data were recorded 
from PSII in (A, B, green and black, and C, D, black) sucrose, (C, D orange) trehalose-
containing buffers. In (D), a trehalose-induced shift is observed in NO3-PSII.  In (A, 
B), the total data set derived from the Cl-PSII samples was randomly divided into 
four pools. Each pool was averaged, and then superimposed to establish the 
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reproducibility of the center position of the Wn+ band in the replicates. Each spectrum 
is an average of (A, B) 10 and (C, D) 5 data acquisition loops using (A, B) 15 total 
samples, (C, black) 15, (C, orange) 8, (D, black) 8, and (D, orange) 9 different samples.  
Spectra in (A, B) were acquired at 4 cm-1 resolution; spectra in (C, D) were acquired 
at 8 cm-1 resolution.  The infrared bands of ferricyanide/ferrocyanide have been 
deleted for presentation purposes. 
Importantly, however, when NO3-PSII is suspended in trehalose (Figure 4.8D), the 
Wn
+ upshifts 68 cm-1 to ~2650 cm-1, when compared to its position in sucrose-treated NO3-
PSII (Figure 4.8B).   This is evident in the spectral overlay in Figure 4.10D, in which 
sucrose NO3-PSII is black or trehalose NO3-PSII is orange.  In the overlay, the 68 cm
-1 
upshift is evident as a spectral intersection at ~2600 cm-1.  The upshift of the Wn
+ band in 
trehalose is consistent with a decrease in the stabilizing influence of the nitrate ion in a re-
engineered, trehalose-containing network.  Note that in Cl-PSII, which does not contain 
nitrate, the addition of trehalose had no effect on the position of the Wn
+ band (Figure 
4.10D) consistent with its lack of significant impact on the mid-infrared region (Figure 
4.7). 
4.5 Discussion 
 Here, we have used RIFT-IR spectroscopy in conjunction with anion exchange 
experiments to investigate the mechanism of PSII proton transfer.  Chloride and bromide 
substitutions are used as perturbants of the proton transfer pathway.  The report of a nitrate-
substituted crystal structure supports the idea that nitrate also occupies the chloride binding 
site.13  The experiments, which we present here, establish that the proton transfer pathway 
in PSII is robust and can tolerate substantial changes in internal electrostatic interactions. 
 We show that bromide substitution causes pronounced changes in the amide I, II, 
and III regions of the S1 to S2 spectrum.  One effect of bromide was a downshift of a 
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derivative-shaped band, with a positive component at 1665 and a negative component at 
1643 cm-1.  Such a downshift can be caused by vibrational Stark effect.34  As evident in the 
literature, the change in ionic radius when chloride is substituted with bromide is expected 
to lead to such a downshift of solvent vibrational bands.35  The Stark tuning rate for the 
C=O band, 0.6-1.8 MV/cm, can be used to calculate a field difference at the C=O group.  
The bromide-induced spectral shift is 4 cm-1, giving a minimal change of 2.4 MV.  Using 
a correlation (0.4 kcal/mol per 1 cm-1) previously derived, this frequency shift is equivalent 
to 1.6 kcal/mol or ~1 hydrogen bond.36-37 Notably, the proton transfer network is functional 
in Br-PSII, and PSII exhibits nearly normal steady state oxygen evolution rate with this 
internal change in field.  It should be noted that coupling between peptide bonds can be 
complex.  This analysis assumes that the derivative shaped band is the response of a single 
C=O group to Mn oxidation; more complex models are possible.   
 In spectra derived from NO3-PSII, changes are observed throughout the amide I 
(1630 cm-1), amide II (1531(+)/1522(-) cm-1) and amide III (1390-1330 cm-1) regions, 
when compared to Cl-PSII or Br-PSII.  This is attributed to an increased number of 
hydrogen bonding interactions between nitrate and its protein environment.  (See 
Supporting Information for comparison to previous reports in the literature).  Notably, 
when PSII is substituted with nitrate, bands at 1630, 1531/1522, and 1396 cm-1 are reduced 
in intensity.  One possible reason for the decrease in intensity is the exclusion of a C=O 
peptide bond from the hydrogen-bonding network when nitrate binds to the chloride site. 
In this interpretation, the excluded C=O bond is not responsive to changes in charge 
distribution, caused by manganese oxidation.  The effects of trehalose, which partially 
reverse the nitrate effect, support this interpretation.  Previously, trehalose has been shown 
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to prevent the disruption of hydrogen-bonding networks in PSII by the substrate analog, 
ammonia.28    The mechanism by which trehalose exerts its stabilizing influence on proteins 
has been the subject of several studies.33 The solvent reorganization time has been reported 
to be significantly retarded in the presence of trehalose.38 There is also evidence that 
trehalose promotes hydration of the protein surface, an idea commonly referred to as the 
preferential hydration model.39 The water molecules, which are bound either at the protein 
surface or in the trehalose-water matrix away from the protein surface, exhibit lower 
propensity for ice-formation. The effect of trehalose on PSII suggests that retardation of 
water dynamics and preferential hydration alter the proton transfer network.  These 
experiments suggest that internal water structure plays an important role in proton transfer 
and storage in PSII. 
 As stated above, in trehalose buffer, the intensity in nitrate-sensitive bands is 
recovered (1636, 1532/1526 cm-1 and 1390-1330 cm-1 region).  In addition to these changes, 
nitrate also causes a substantial 248 cm-1 downshift of an infrared signal, which is assigned 
to a stretching vibration of an internal hydronium ion.11 However, when NO3-PSII is 
suspended in trehalose buffer, this band shifts back toward its original position and appears 
at ~2650 cm-1.  In previous work using anion substiution,11 a correlation was found between 
the pKa value of the corresponding acid and the frequency of this Wn
+ band.  For example, 
bromide has a predicted pKa of -9, and the Wn
+ frequency was observed at 2917 cm-1 in 
Br-PSII.  Chloride has a predicted pKa of -7 and a frequency of 2830 cm
-1, and nitrate has 
a predicted pKa of -1.4 and a frequency of 2582 cm
-1.  It was proposed that the increased 
basicity of nitrate, when compared to chloride or bromide, stabilizes the hydronium ion 
through an electrostatic interaction.  Based on this argument, the upshift observed in the 
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nitrate-Wn
+ frequency in trehalose is consistent with a decrease in the basicity of the bound 
nitrate.  This effect is attributed to an increase in hydrogen-bonding interactions between 
nitrate and the nitrate-Wn
+ hydration shell.40  Thus, the experiments presented here provide 
two lines of evidence that nitrate and trehalose alters hydrogen bonding and electrostatics 
in the OEC.  One is derived from analysis of amide intensities; the second is derived from 
analysis of Wn
+ frequency.   Note that in the absence of nitrate, trehalose does not have a 
significant effect on the Wn
+ or mid-infrared frequencies under these conditions.   
Previously, chloride has been proposed to adjust the pKa of D1-D61 in the proton 
transfer network (Figure 4.1A and Figure 4.11).  Evidence supporting this hypothesis has 
been obtained from mutagenesis experiments in cyanobacterial PSII,21-22 computational 
studies,19-20 and, recently, a nitrate-substituted structure of cyanobacterial PSII.13  One 
proposed mechanism is that chloride prevents salt bridge formation between the side chains 
of D1-D61 and D2-K317.18   These previous site-directed mutagenesis studies have 
revealed alterations in the mid-IR region of the S1 to S2 spectrum of the mutants, which are 
consistent with the amide I and II assignments proposed here.  Note that side chain 
vibrational bands may also contribute to the mid-infrared region if their frequency is 
perturbed, but lower infrared extinction coefficients and coupling with the peptide 
backbone complicate direct assignment of their spectral contributions.27 
126 
 
Figure 4.11 Proposed proton exit pathways extending from the OEC to the lumen.  
The figure was generated from cyanobacterial PSII X-ray structure (PDB ID: 4UB62).  
The pathways include residues of PSII subunits: D1 (green), D2 (yellow), CP47 (cyan), 
CP43 (blue), psbO (orange), and psbU (magenta). The pathways are also predicted to 
include chloride ions (cyan spheres) and water molecules (blue spheres). Hydrogen-
bonding interactions are shown as dashed lines. (B) Residues that altered the amide 
bands in the infrared spectrum, as previously reported in site-directed mutagenesis 
studies.  Color scheme is the same as Figure 4.1. See Table 3 for more information. 
A summary of previously residues, targeted for mutagenesis, and the putative 
proton transfer pathway is presented in Figure 4.11. As shown, D1-D61, D2-K317 and D1-
N181 are located in close proximity to Cl-1 (Figure 4.11), and the latter two amino acids 
are predicted to be ligands to Cl-1.   All mutants retained some oxygen evolution activity 
(Table 3, 10-54% of wildtype).   
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Table 3 Summary of oxygen evolution rates as observed in PSII, isolated from 
cyanobacterial PSII mutants 










Notably, in the D1-D61A mutant, spectral changes were observed in all three amide 
regions in the S2-minus-S1 spectrum.
42 Specifically, bands in the 1600-1640 cm-1 region 
(amide I) were altered, the 1530(+)/1522(-) cm-1 (amide II) feature was eliminated, and 
changes in the 1350-1400 cm-1 (amide III) region were reported.  Other mutations, 
including D2-K317A22 and D1-N181A43, were reported to eliminate the 1530(+)/1522(-) 
cm-1 (amide II) feature, but did not induce changes in the other amide regions.  In addition, 
D1-R334A,44 D1-N298A,45 D1-Q165E,44 and D2-E312A41 altered the 1530(+)/1522(-) cm-
1 (amide II) and amide I bands but did not eliminate them.  The D1-E65A41 mutation 
elicited changes only in the amide I region. 
Taken together, these previous results show that mutations at amino acid side 
chains, predicted to participate in the hydrogen-bonded network, all cause similar 
alterations in the S1 to S2 infrared spectrum.  The spectral change is assignable to amide I 
and II bands and to alterations in C=O hydrogen bonding interactions.  When combined 
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with our data, these results predict the existence of a common hydrogen-bonding network, 
involving peptide carbonyl groups, which connects the side chains of these amino acid 
residues.  Importantly, the spectral effects of the D1-D61A mutation in cyanobacteria are 
similar to the spectral effect that we report here for nitrate substitution in spinach PSII. 
This observation suggests that nitrate substitution and mutation at D1-D61 cause similar 
defects in proton translocation.  However, it is important to note that the RIFT-IR spectra 
of spinach and cyanobacterial PSII are not identical.  For example, the negative 1747 cm-1 
band observed during the S1 to S2 transition in cyanobacteria is absent in spinach.
42  
 Our data support the conclusion that the hydrogen-bonding network contains 
trapped water and a hydronium ion, which is produced during the S1 to S2 transition.  The 
vibrational spectrum of this hydronium ion, designated Wn
+, contains a broad positive 
infrared band centered at 2830 cm-1. We have previously employed isotope editing and 
quantum mechanical calculations to assign this band to a stretching vibration of Wn
+.11 In 
the gas phase, similar infrared bands have been reported from protonated water clusters.46   
Notably, bands with similar frequencies have also been assigned to internal, protonated 
water clusters in the membrane protein, bacteriorhodopsin,47 and, most recently, a 
cyanobacterial anion pump.48  Interestingly, we have shown that H2
18O isotope exchange 
elicits very different responses based on the experimental temperature.  At 283 K, small 
isotope shifts of 10 cm-1 are observed in the sharp spectral features of the 2830 cm-1 band.  
The magnitude of the shift is consistent with literature reports.49  However, at lower 
temperatures of 190 K25 and 263 K,26 the solvent isotope shift is much larger than expected. 
We attributed the large, apparent isotope shift to cluster size heterogeneity caused by 
viscosity difference in H2
18O.26  Table 1 presents a summary, which has been discussed in 
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ref.24-26  It is interesting to note that the D1-D61A mutation leads to the elimination of the 
2830 cm-1 band,42 and as discussed above, D1-D61 is predicted to be involved in the proton 
exit pathway.18-19    
 The observation of nitrate-induced changes in the amide I, II, and III regions is 
consistent with the disruption of a hydrogen-bonded network when nitrate is substituted at 
one or more chloride-binding sites.  We have previously proposed the existence of such an 
infrared-detectable, hydrogen bonding network based on substitutions at the calcium site 
and ammonia-induced inhibition experiments.28-29  In this present study, we provide insight 
into the effective design of this proton transfer pathway.  The pathway was probed via its 
infrared signature bands, arising from the peptide backbone and an internal hydronium ion.  
Remarkably, while bromide and nitrate substitutions lead to spectral changes consistent 
with substantial alterations in electric field, pKa, and hydrogen bonding, PSII is functional 
in each case.  Therefore, while bromide and nitrate reorganize the network, the proton 
transfer pathway is robust and accommodates to these changes.  Analogy can be made to 
the ubiquitous voltage-gated proton channel Hv1, which contains a highly selective proton 
transfer network.50 The selectivity of the channel is unaffected by mutation of all but one 
of the acidic residues proposed to be directly involved in proton transfer. Therefore, it is a 
robust functional network, similar to the one reported in the current study.  A Grotthuss-
like hopping mechanism has been proposed for Hv1, involving both internal water 
molecules along with amino acid side chains.  A similar mechanism may operate in PSII.  
The resiliency of the proton transfer pathway in PSII may be important in preservation of 
optimum levels of activity under physiological conditions, which are associated with 
130 
adaptation from light to dark, pH changes in the thylakoid lumen, and adaptation to 
oxidative stress.51 
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Proton transfer using water bridges has been observed in bulk water, acid-base 
reactions and several proton-translocating biological systems.  In the water-oxidizing 
enzyme, photosystem II (PSII), a functional proton transfer network is predicted to be 
composed of hydrogen-bonded water molecules, amino acid side chains, and peptide 
carbonyl groups. The network spans 35 Å and shuttles protons away from the oxygen-
evolving, Mn4CaO5, complex (OEC) to the thylakoid lumen during the five-step water 
oxidation (S state) cycle.   Acetate is a well-known PSII inhibitor, which acts in a chloride-
dependent manner.  Here, we study the effect of 12C and 13C acetate on one step of the 
water-oxidizing cycle, the S1 to S2 transition, using infrared spectroscopy.  PSII was 
isolated from spinach, and experiments were conducted at pH 7.5, using 532 nm laser 
flashes to advance the cycle from the dark-adapted state S1 to the S2 state.  Isotope-editing 
reveals an infrared spectrum assignable to the protonation of acetate; the S1 to S2 transition 
perturbs the infrared spectrum of the product, bound acetic acid, due to a second-order 
Stark effect.  An accompanying intensity decrease in the 2830 cm-1 band, previously 
assigned to a stretching vibration of a hydrated hydronium ion, Wn
+, is observed.  
Computational studies using a small OEC model support the spontaneous transfer of the 
proton from the hydronium ion to the acetate inhibitor, when acetate is substituted at the 
chloride side.  Taken together, these results show that the mechanism of PSII proton 




The mechanism of proton transfer in water has been the subject of numerous 
theoretical and experimental investigations.1-2 The von Grotthuss mechanism accounted 
for the unusually high mobility of protons in water using intermediary water molecules as 
bridges to allow proton hopping in a sequential manner. Spectral evidence for the hydrated 
proton has been obtained in the gas phase 3 as well as aqueous solutions.4 There are several 
examples in biology of proteins that employ proton transfer to generate transmembrane 
electrochemical gradients for activity.5 Bacteriorhodopsin,6 cytochrome c oxidase,7 and 
carbonic anhydrase8 employ organized hydrogen bonded networks of internal water 
molecules and amino acid side chains for proton translocation. In these proteins, water acts 
as an efficient proton donor and acceptor and functions as bridges in stepwise proton 
transfer. 
 In photosystem II (PSII), a multisubunit transmembrane protein, efficient proton 
translocation from the catalytic center is essential for oxygen evolution (Figure 5.1A). 9-11 
Step-wise photoinduced oxidations of the oxygen evolving complex (OEC), comprised of 
a Mn4CaO5 cluster, leads to water oxidation (Figure 5.1B). Oxygen is evolved with period 
four oscillation.12 Following light absorption, charge separation is initiated in the reaction 
center of PSII which leads to the formation of a tyrosyl radical, Yz
● (Y161 of D1 subunit).13 
The OEC is then oxidized by the powerful oxidant Yz
●.14 Four such oxidations of the OEC 
leads to water oxidation and thereby resets the OEC back to its most reduced state.15 The 
S-state cycle is used to describe the water oxidation cycle (Figure 5.1B), where each state 
of the OEC is referred to as a Sn state, n indicating the number oxidizing equivalents on the 
OEC in that state. S1 is the dark-adapted resting state of the OEC. The first and second 
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flashes oxidize S1 to S2 and S2 to S3, respectively.
16-17 The third flash oxidizes and S3 to S0 
and is accompanied by substrate water oxidation.12 S1 is regenerated after the fourth flash.  
 
Figure 5.1 Structure of PSII and photosynthetic water oxidation. (A) Spinach PSII 
structure (PDB ID: 3JCU 11) showing the integral membrane spanning D1 (green), 
D2 (magenta), CP43 (marine), and CP47 (yellow) subunits. The three extrinsic 
subunits PsbP (red), PsbQ (olive), and PsbO (orange) are also shown. (B) S-state cycle 
of water oxidation and release of molecular oxygen 12. (B, Inset) Structure of the OEC 
and ligand environment around the chloride ions (cyan (PDB ID:4UB6 9). (C) 
Schematic representation of acetate removing a proton from the protonated cluster 
of water molecules, designated Wn+, during the S1 to S2 transition. The literature 
values for infrared frequencies are noted below the relevant species 18. (D) The two 
orientations of the acetate ion substituted at the chloride site predicated by QM after 
geometry optimization of the small model of the OEC. Full models are shown in the 
Figure 5.7. 
 The OEC oxidations lead to concomitant proton release to the lumen. The 
stoichiometry of proton release in sucrose containing buffers was 1:0:1:2 upon advancing 
from S0 to S1, S1 to S2, S2 to S3 and from S3 back to S0.
19-20  Chloride, an essential cofactor, 
has been proposed to be mediate proton transfer reactions in PSII.21 Proton transfer occurs 
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through an extensive hydrogen-bonded network, spanning over 35 Å, involving amino acid 
side chains, peptide carbonyl groups and water molecules.22 Previously, we have 
demonstrated that chloride is involved in maintaining this network, which remains active 
in oxygen evolution despite changes in pKa, ionic strength and hydrogen bonding.
23 The 
present study obtains incisive information concerning the mechanism of this proton transfer 
using the chloride-dependent inhibitor, acetate. Vibrational spectroscopy and 
computational studies of a small model of the OEC indicate that acetate inhibition is 
associated with interruption of proton hopping through water bridges. 
5.3 Materials and methods 
PSII was purified by Triton X-100 treatment from market spinach.24 Octylthioglucoside 
(OTG) was then used in a second round of detergent treatment.25 The PSII was suspended 
in buffer containing 0.4 M sucrose, 50 mM 2-(N-morpholino)ethanesulfonic acid (MES)-
NaOH, pH 6.0, and 15 mM NaCl and stored at -70oC. Acetate substitution at the chloride 
sites on PSII was carried out by resuspending OTG-PSII three times in buffer containing 
0.4 M sucrose, 50 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES)-
NaOH, pH 7.5, and 15 mM NaOAc (referred to as OAc-PSII). The chloride-containing 
control (Cl-PSII) was generated by washing OTG-PSII in the same buffer with 15 mM 
NaCl instead of the acetate salt. Samples were subsequently aliquoted and frozen at -70oC.  
The oxygen evolution activity of the PSII samples was assayed using a Clark-type oxygen 
electrode. Freshly prepared 1 mM potassium ferricyanide (K3[Fe(CN)6]) and recrystallized 
0.5 mM 2,6-dichlorobenzoquinone were used as external electron acceptors.  As isolated, 
OTG-PSII samples exhibited oxygen evolution rates of 1260 ± 150 μmol O2 (mg Chl-h)
-1 
in pH 6.0 buffer.   See Figure 5.2 and Figure 5.3 for more information concerning pH 7.5 
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and a summary of the effects of the inhibitor, acetate.  RIFT-IR spectroscopy and QM/MM 
calculations were performed by methods previously described.26  See Chapter 3 for details. 
 
Figure 5.2 Effect of chloride addition on the oxygen evolution activity of acetate-
containing PSII samples. Three different acetate concentrations were tested, 40 mM 
(red), 100 mM (black), and 155 mM (blue). Error bars represent ±standard deviation. 
5.4 Results 
PSII was isolated from market spinach, using Triton X-100 and octylthioglucoside 
24-25.  Samples were suspended at pH 7.5 to deplete the PsbP and PsbQ extrinsic subunits 
and increase access to the PSII chloride site.26  Preparations had calcium and chloride 
dependent rates of oxygen evolution greater than 1260 ± 150 μmol O2 (mg Chl-h)
-1.  To 
assess the effect of acetate addition under these conditions, the light-induced steady state 
rate of oxygen evolution was measured (Figure 5.2).  As shown, mM concentrations of 
acetate inhibits oxygen evolution in a chloride dependent manner.  A Lineweaver Burke 
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plot reveals a mixed inhibition mechanism, suggesting that in this type of PSII preparation, 
acetate binds at two sites, one of which is only available when chloride is bound (Figure 
5.3).  X-ray structures of PSII reveal two chloride sites near the OEC, so a mixed inhibition 
mechanism could be associated with interactions with these two sites if the affinities are 
different.   
 
Figure 5.3 Lineweaver-Burk analysis of data shown in Figure 5.2. 
 To assess the effect of acetate, reaction-induced FT-IR (RIFT-IR) spectroscopy was 
employed.  Samples were preflashed at 532 nm to synchronize in the S1 state of the S state 
cycle.  An additional flash produces the S2 state, corresponding to a Mn oxidation 
reaction.20  Samples contained potassium ferricyanide to reoxidize the acceptor side.  
Potassium ferricyanide acted as an external electron acceptor and bands from the CN 
stretching vibrations of the ferricyanide/ferrocyanide couple are observed at 2115/2038 cm-
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1. The intensity of this band is a marker for flash-induced charge separation. The RIFT-IR 
spectrum associated with the S1 to S2 transition is well known,
23, 27 and is dominated by 
donor side, protein structural changes (Figure 5.4A).   In Figure 5.4A and Figure 5.4B, the 
3200-1800 cm-1 regions of the S2-minus-S1 difference spectrum of the chloride-containing 
control, termed Cl-PSII, are shown (black).  The spectra from the chloride control are 
compared to inhibited samples containing either 40 mM or 155 mM acetate (orange).  Note 
that 10 mM calcium was present in all samples.  
 
Figure 5.4 Acetate concentration dependence.   Effects of acetate substitution in PSII 
during the S1 to S2 transition at pH 7.5, 283 K. The RI-FTIR S2-minus-S1 spectrum is 
presented in the (A, B) 3200-1800 cm-1, (C-F) 1800-1500 cm-1), and (G-J) 1400-1200 
cm-1 region. In (A, C, G), the anion concentration was maintained at 155 mM while in 
(B, E, I) it was maintained at 40 mM. Cl-minus-OAc double difference spectra at (D, 
H) 155 mM, and (F, J) 40 mM anion concentration.  Five data acquisition loops were 
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averaged for each spectrum from (A, C, G, black) 7, (A, C, G, orange) 10, (B, E, I, 
black) 11, and (B, E, I, orange) 11 individual samples. 
In the spectrum of Cl-PSII (Figure 5.4A, black), a broad positive absorption band 
is observed (labeled as Wn
+); the center can be estimated at 2830 cm-1.26, 28 See Table 1 for 
a review of infrared assignments in the 2830 cm-1 region. The Wn
+ band is observed at 40 
mM and 155 mM chloride (Figure 5.4A and Figure 5.4B, black) with similar intensity. 
While the addition of 40 mM acetate has little effect on the intensity of the Wn
+ band; the 
addition of 155 mM acetate eliminates the band (Figure 5.4A and Figure 5.4B, orange). 
Figure 5.4C-F and Figure 5.4G-J present the 1800-1500 cm-1 and 1400-1200 cm-1 
regions of the RIFT-IR spectra, as derived from the chloride control and acetate-treated 
PSII.  To accentuate spectral differences, in Figure 5.4C and Figure 5.4G, the chloride 
control (black) and the 155 mM acetate (orange) treated data are overlaid.   Substantial 
intensity changes and frequency shifts are observed. These differences are further 
emphasized in the chloride-minus-acetate double difference spectra shown in Figure 5.4D 
and Figure 5.4H.  Interestingly, the intensity differences are much less pronounced when 
40 mM acetate is employed (Figure 5.4E and Figure 5.4I). This observation is supported 
by the chloride-minus-acetate double difference spectra in Figure 5.4F and Figure 5.4J.   
We conclude that the addition of 155 mM acetate has dramatic spectral effects, both on the 
Wn
+ band and on the mid-infrared region of the spectrum.  The addition of 40 mM acetate 
has a less dramatic spectral effect.  This result is consistent with the oxygen evolution 
assays reported in Figure 5.2 and Figure 5.3, which show more complete inhibition at 155 
mM acetate, compared to the lower acetate concentration. 
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Figure 5.5 Isotope labeling of acetate.  RIFT-IR spectra comparing the effects of 12C-
acetate (black) and 13C-acetate (red) substitution during the S1 to S2 transition at pH 
7.5, 283 K. In (A, B), the 3200-1800 cm-1 and in (C, D), the 1800-1200 cm-1 regions of 
the S2-minus-S1 spectrum are shown. (A, C) contained 155 mM acetate, and (B, D) 
contained 40 mM acetate. (Inset) Data from (C) in the 1400-1250 cm-1 region. The 12C-
acetate data are reproduced from Figure 2.  Each spectrum contains the averaged 
data from five acquisition loops using (A, C, black) 10, (A, C, red) 9, (B, D, black) 11, 
and (B, D, red) 11 different samples. 
To definitively identify any spectral contributions of acetate to the RIFT-IR spectra, 
13C-acetate was employed.  Figure 5.5 compares RIFT-IR spectra acquired with 12C and 
13C acetate.  The 1800-1200 cm-1 regions are presented in Figure 5.5C and Figure 5.5D. 
With 155 mM acetate treatment, isotope-dependent spectra differences are evident, 
especially in the 1400-1250 cm-1 region (inset).  This is a region in which isotope sensitive, 
symmetric carboxylate stretching bands and CO bands of carboxylic acids are expected.  
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The spectra in Figure 5.5C also identify changes in the 1700-1600 cm-1 region of the 
spectrum, corresponding to isotope-sensitive C=O stretching vibrations of protonated 
carboxylic acid.  With 40 mM acetate treatment (Figure 5.5D), these changes are not 
observed.  Note that the Wn
+ region is similar in 12C and 13C acetate treated samples (Figure 
5.5A and Figure 5.5B). 
Figure 5.6A presents a double difference spectrum, constructed from the 155 mM 
acetate and 40 mM acetate spectra.  The double difference spectra are constructed by direct 
subtraction of the S2-minus-S1 spectra.  Bands that are in common will cancel, revealing 
the effects of increase in inhibitor concentration on the data.  Notably, this double 
difference spectrum contains bands both in the 1710-1660 and 1590-1540 cm-1 regions.  
These are regions characteristic of the C=O stretching of carboxylic acids and the 
asymmetric stretching vibrations of carboxylates.  This spectrum suggests that acetate may 
protonate to form acetic acid during the S1 to S2 transition and that the inhibitor may make 
a direct contribution to the spectrum due to a perturbation caused by the manganese 
oxidation reaction. 
To test this idea, isotope-editing, comparing the effects of 12C and 13C uniformly 
labeled acetate, was employed.  To contribute to an isotope-edited spectrum, a vibrational 
band must be changed in frequency and intensity by the S1 to S2 transition and also involve 
displacement of the labeled carbon.   
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Figure 5.6 Acetate concentration dependence and Isotope-editing using 13C acetate.  
Double difference spectra, constructed from the S1 to S2 transition at pH 7.5, 283 K 
are shown.  In (A), 155 mM acetate-minus-40 mM acetate; in (B), 12C acetate-minus-
13C acetate at 155 mM, and in (C), 12C acetate-minus-13C acetate at 40 mM.  In (D), 
the control double difference spectrum. To make the double difference spectra, S2-
minus-S1 spectra were directly subtracted. The control double difference spectrum 
was generated by subtracting one half of the corresponding 12C-acetate containing 
PSII from the other half and the dividing by √𝟐. 
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Figure 5.6B and Figure 5.6C present isotope-edited spectra, 12C-minus-13C, at two 
different acetate concentrations.  With 40 mM acetate, the isotope-edited spectrum is 
similar to a negative control, which is a double difference spectrum derived just from a 12C 
acetate data set.  This is consistent with the conclusion that isotope labeling of acetate has 
little spectral effect at 40 mM concentration. However, at 155 mM 12C/13C inhibitor, the 
isotope-edited spectrum (Figure 5.6B) shows defined bands.   The spectrum is constructed: 
12C inhibitor (S2-minus-S1) - minus 
13C inhibitor (S2-minus-S1).  So, for example, a positive 
band may arise from a perturbed band of the inhibitor in the S2 state.  Then, the 
corresponding isotope-shifted band will have an opposite sign and appear as a negative 
spectral feature.  Protonation of acetate to form acetic acid will lead to negative bands in 
the asymmetric and symmetric CO stretching regions (1548 and 1411 cm-1)18 and produce 
positive bands in the C=O and CO regions of the carboxylic acid (1706 and 1271 cm-1)18.  
The frequencies of these bands are sensitive to environmental interactions and may be 
shifted when acetate or acetic acid interacts with the OEC. 
The isotope-edited spectrum in Figure 5.6B confirms that the S1 to S2 transition 
perturbs the vibrational spectrum of bound acetate and acetic acid in the OEC.  Because 
acetate is added to PSII at pH 7.5, the protonation of acetate occurs in its PSII binding site.  
So, for example, acetic acid exhibits a second derivative spectrum, with bands at 1698 (+), 
1687 (-), and 1666 (+) cm-1.  This type of spectral contribution is consistent with a second 
order Stark effect, which broadens the infrared band of bound acetic acid. In addition, 
bands are observed at 1655 (-), 1644 (+), and 1634 (-). The spectral lineshape may also be 
consistent with a Stark effect. Both the acetate and acetic acid bands exhibit isotope 
sensitive components upon 13C-acetate substitution. Note that the 2830 cm-1 region shows 
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little intensity in the isotope-edited spectrum, either at 155 mM or 40 mM, compared to a 
negative control.  This is consistent with the low intensity expected for the CH vibrational 
bands of the inhibitor. 
To aid in interpretation, QM/MM calculations were conducted on a small model of 
the OEC used previously.26  This model was used to elucidate the effects of bromide and 
nitrate anion exchange at the chloride site.26 The full geometry-optimized QM models are 
shown in Figure 5.7. In ref. 26, chloride was found to stabilize an extra proton on a nearby 
water molecule in this model of the S2 state. Vibrations of the H3O
+ core along with 
solvating waters gave rise to a band that is similar in frequency to the observed Wn
+ band.  
This band and the hydronium ion were present when bromide and nitrate were substituted 
for the chloride, but frequency shifts were predicted and observed.26 
In the present study, acetate is substituted for chloride. Significantly, the proton, 
stabilized on the hydronium ion in the chloride-containing model, is transferred to acetate 
to form acetic acid (Figure 5.7).  Two different binding orientations of the acetate were 
tested. In the first conformation, the Me group of the acetate is oriented towards the Me 
group of the NH4
+ model ligand (Figure 5.1D, and Figure 5.7A). This orientation will be 
referred to as the MeMe mode. In the second conformation, the C=O of the acetate is 
oriented towards the same Me group of NH4
+ ligand and will be referred to as the O-Me 
mode (Figure 5.1D, and Figure 5.7B). The MeMe conformation is energetically less 
favored than the OMe conformation, with a difference of 5 kcal/mol in electronic energies. 




Figure 5.7 Full geometry optimized QM models for acetate substituted PSII. (A) 
MeMe model with Me group of acetate orientated towards the NH4+ group mimicking 
D-K317. (B) OMe model where C=O group of acetate is oriented towards the adjacent 
NH4+ ligand. The oxygen in green shows the water that accepts the extra proton in 
chloride containing models. Color of atoms: carbon, gray; nitrogen, blue; oxygen, 
red; hydrogen, white; manganese, orange; calcium, yellow; and lithium, pink.  
The geometry-optimized structures were then used to predict vibrational 
frequencies.   These frequencies are summarized in Figure 5.8. Vibrational bands of the 
chloride containing model are shown in Figure 5.8A.  The predicted acetate spectrum only 
has contributions from the protonated acid form with bands at 1830/1831 cm-1 and 
1309/1306 cm-1 from the two conformations tested (Figure 5.8B and Figure 5.8D). The 
predicted isotope shifts for these bands are 42/41 cm-1 and 28/31 cm-1, respectively. The 
difference between the observed and computed frequencies is expected since the minimal 




Figure 5.8 Predicted infrared spectrum (2000-1200 cm-1) region from the geometry-
optimized model of the OEC containing (A) chloride and (B-E) acetic acid, formed 
after substitution of acetate at the chloride site. Figure 1D shows the two orientations 
of acetic acid, referred to as MeMe and OMe.  In (B and D), the OEC model contained 
12C-acetic acid, (C and E), the OEC model contained 13C-acetic acid. 
 
5.5 Discussion 
We have used infrared spectroscopy and QM/MM calculations to provide new 
information concerning the mechanism of proton transfer in photosynthetic oxygen 
evolution.   Proton transfer occurs over 35 Å from the OEC to the thylakoid lumen.  This 
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proton transfer is critical for photosynthesis, because it leads to acidification of the lumen 
and a proton gradient that is used to make ATP.  This proton transfer must occur under a 
diverse set of conditions in the plant, including those associated with oxidative stress, 
increased protein damage, protein turnover, and lumen pre-acidification.  The proton 
transfer network (Figure 4.11A) is robust 23 and functions under a wide set of physiological 
conditions. 
Previous investigations of proton transfer mechanism in PSII have shown that 
chloride plays an integral role in facilitating this process.  The effect of chloride has been 
proposed to occur by two distinct mechanisms.  In the first, chloride prevents a 
conformational change, organized through a D1-D61 and D2-K317 salt bridge, which 
closes the channel.29-32 In the second, chloride stabilizes an intermediary protonated 
hydronium ion, Wn
+,23, 26 which is formed by internal water molecules in the network.  
These two mechanisms are likely to occur simultaneously to optimize the reaction under a 
variety of conditions.  The existence of two mechanisms implies that both protein amino 
acid side chains and internal water are important participants in the reaction. 
Acetate is a well-known inhibitor of PSII, but its mechanism of action has been 
unclear.  A complete block of the S state cycle occurs in the presence of acetate.  This block 
has been documented after formation of the S2YZ radical state, which is formed instead of 
the S3 state when acetate is substituted for chloride (ref. 
33 and references therein).  This 
has been attributed to exchange and dipolar interaction of Yz
● with S2 state of the OEC.34-
36 However, the use of NO to quench the Yz
● caused the normal S2 state multiline signal 
for the Mn cluster to reappear in acetate inhibited PSII. This indicated no direct interaction 
of acetate with the metal cluster.37 Simulations of 55Mn ENDOR results showed that the 
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altered spectrum in acetate inhibited PSII arises from the coupling of Yz
● to the Mn 
cluster.33  Oxygen evolution assays have investigated the effect of acetate on activity.38  
One study has been interpreted as showing competitive inhibition between acetate and 
chloride, although binding of acetate at the non-heme iron site on the PSII acceptor side 
was also proposed in that work.38  Note that other anion substitutions at the chloride site 
can activate or inhibit oxygen evolution.21  For example, bromide and nitrate support 
oxygen evolution when substituted for chloride but at lower rates.  This is due to a change 
in rate of the S3 to S0 transition.
39   The influences of bromide and nitrate were recently 
investigated by infrared and QM/MM studies.  The effects of bromide and nitrate were 
attributed to electrostatic effects on the intermediary protonated water cluster based on 
predicted and observed shifts of Wn
+ band frequency.  This study suggests that one effect 
of acetate could be on the pKa or structure of Wn
+ and that this change in water structure 
could lead to PSII inhibition.  
To test this hypothesis, we performed QM/MM calculations on a small model of 
the OEC.  This model contains one manganese, one calcium, a chloride, and nine water 
molecules.  The essential ligation sphere of these metal ions is maintained.  The model 
provides a high resolution system in which to calculate vibrational frequencies and to 
explore the effect of metal substitution.  When chloride is present, this model predicts 
stabilization of a hydronium ion on water molecules near the chloride.  The frequencies of 
the hydronium ion are similar to the frequencies observed for Wn
+ in chloride containing 
PSII.26  Further the direction of the shift, observed in the Wn
+ band in nitrate and bromide 
containing PSII, were predicted by the model.  In this work, acetate was substituted for 
chloride.  The results predict that the proton is transferred from the hydronium ion to 
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acetate, forming a hydrogen bonded acetic acid species at the chloride site.  Two different 
conformers of the acetic acid were possible, and the vibrational frequencies were 
calculated. 
The results of the QM/MM study predict that when chloride-depleted PSII is treated 
with acetate, the inhibitor will protonate to form acetic acid.  Therefore, acetate and acetic 
acid should be detectable in an infrared spectrum of PSII, due to the well-known change in 
vibrational frequencies when the delocalized CO stretching modes of the carboxylate anion 
are replaced with the C=O and C−O stretching vibrations of the carboxylic acid.  The 
infrared spectrum of PSII can be obtained with reaction-induced methods; spectra 
associated with manganese oxidation during the S1 to S2 transition are reported here.  If 
this transition perturbs the infrared intensity or frequency of the acetate/acetic acid or leads 
to protonation, 13C labeling of acetate will identify isotope sensitive bands in the spectrum.   
Our infrared results show that both acetate and acetic acid make direct, infrared 
spectral contributions to the S2 minus S1 spectrum.  These results conclusively support a 
mechanism of inhibition in which acetate protonates.  The concomitant decrease in the 
intensity of the Wn
+ band shows that the source of the proton is the hydrated hydronium 
ion.  Taken together, the experiments are consistent with the conclusion that the Wn
+ 
species plays an essential role in proton transfer and that acetate inhibits oxygen evolution 
by preventing proton hopping through water. 
In the present study, the mechanism of acetate inhibition is revealed mixed 
Michaelis-Menten inhibition, based on oxygen evolution assays. This would imply 
multiple binding sites for acetate.  One of these binding sites must be chloride dependent 
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to explain the mixed inhibition pattern.  There are at least two possible binding sites for the 
acetate, one of which is the Cl-1 chloride site (Figure 4.11A). There are several possibilities 
for the second site.  
One is the Cl-2 site, which may have a different affinity for anions (Figure 4.11A). 
A second is a site somewhere else along the proton transfer pathway (Figure 4.11A).  Note 
that binding of acetate to the acceptor side may occur in some PSII preparations under 
some conditions, but do not rationalize our results.  The infrared spectra acquired in the 
presence of ferricyanide are regarded to be dominated by donor side structural changes.40   
The 1698(+)/1687(-)/1666(+) cm-1 bands of the bound acetic acid inhibitor are 
downshifted from the frequency predicted in the calculation and from frequencies typically 
derived from carboxylic acid residues in proteins.   Therefore, the environment around the 
inhibitor is highly perturbative of the acetate/acetic acid.  The C=O frequency has often 
been correlated with pKa, with a low frequency related to a decrease in pKa.41-42  The band 
of the protonated inhibitor has a second derivative shape that is indicative of a Stark effect, 
which broadens the infrared spectrum.43   The S2-minus-S1 spectrum may arise mainly from 
electrostatic effects on protein residues in the proton transfer network.  Overlap of 
acetate/acetic acid bands with protein bands is evident when the isotope-edited spectra are 
compared to the 12C data. 
In summary, we use a combination of spectroscopic and theoretical methods to 
derive information concerning the mechanism of water oxidation.  When coupled with 
infrared spectroscopy, the use of acetate and isotope labeling reveals incisive information 
about proton transfer mechanism in real time.   We report that essential proton hopping 
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through water bridges occurs in the long-distance proton transfer pathway in PSII.  
Bacteriorhodopsin and sensory rhodopsin II use a similar mechanism to transport protons  
44-45, and the use of water bridges may be a ubiquitous strategy in membrane proteins. 
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CHAPTER 6. CONCLUSIONS  
 In summary, this thesis investigates the functional proton transfer network in 
photosystem II (Figure 4.11A). RIFT-IR spectroscopy has been utilized to obtain 
information from several components of the network. Taken together the work provides 
methods for obtaining high resolution detailed information about dynamic hydrogen-
bonded proton transfer networks in proteins spanning distances of more than 35 Å.  
First, the infrared signal assignable to the stretching vibrations of protonated 
internal water cluster was identified. It was found to oscillate in a S-state dependent 
manner. Based on several experiments, including solvent isotope exchange 1and others 2-3, 
we proposed that internal water acts as proton donor and acceptor transiently to form a 
necessary proton transfer intermediate at two stages in the photosynthetic oxygen evolution 
process.  
The second study involved investigating the role of chloride ions in mediating 
proton transfer events in PSII. Chloride is an extremely rare cofactor in biology and PSII 
is one of three enzymes known to exhibit chloride dependence of enzymatic activity 4. By 
analogy with the other chloride-dependent enzymes, experimental and theoretical studies 
(ref. 5 and references therein) it has been proposed that chloride facilitates proton transfer 
by preventing salt bridge formation between and aspartic acid side critical for proton 
transfer and a nearby lysine residue 6. Using RIFT-IR spectroscopy and QM calculations, 
we observed an additional role for the chloride ions in PSII. It was found to exert a 
stabilizing influence on a neighboring protonated water cluster formed in the S2 state. The 
infrared signal from the protonated water cluster had demonstrated very high and unusual 
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isotope shift upon 18OH2 substitution (~100 cm
-1) at 263 K. However, at 283 K the isotope 
shifts observed ~10 cm-1 matched closely with expected literature values. We attributed 
these observations to a cluster size heterogeneity at lower temperature which is no longer 
present at higher temperature. 
The third study used the spectroscopic signals from peptide carbonyl groups as 
reporters for monitoring the dynamic proton transfer network. Electric field alteration using 
bromide and hydrogen bonding perturbation using nitrate led to changes in the spectrum 
but retention of oxygen evolution activity. Substitution of the cryoprotectant trehalose for 
sucrose reversed some of the hydrogen bonding changes that affected amide infrared bands. 
Several mutations in cyanobacterial PSII had elicited similar changes in vibrational 
frequencies. Taken together, we proposed that PSII proton transfer network which involves 
peptide carbonyl groups, amino acid side chains, internal water moles and hydronium ion, 
is robust and can successfully adapt to changes in electric field, pKa, and hydrogen bonding.  
In the fourth study, we have investigated whether the formation of the protonated 
water cluster intermediate is necessary for proton transfer in PSII. The inhibitory anion 
acetate was used to disrupt proton transfer to water during the first S-state transition. The 
effect on the activity was dramatic reduction of the oxygen evolution rates. The infrared 
signal from the internal protonated water cluster was eliminated. Using isotope-editing 
with 13C-aceatate, infrared bands from acetic acid were observed. The results matched with 
those observed from the QM model where acetate accepted a proton from the neighboring 
hydronium ion to form acetic acid when substituted at the chloride site. Based on these 
results we proposed that proton hopping through water bridges is necessary for 
photosynthetic oxygen evolution. 
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To probe the PSII proton transfer network further, future work can involve 
engineering new infrared probes into the proton transfer pathway to identify key residues. 
Previously, 7-azatryptohan was incorporated into PSII via the disordered extrinsic subunit 
PsbO 7. Other probes such as fluoro-tryptophans and fluoro-tyrosines can be included to 
monitor the pathway. The pattern of proton release can also be monitored as a function of 
S-state progression to evaluate effects of pH, anionic substitutions and unnatural amino 
acid incorporation. To this end various dyes,8-9 and infrared signals from 2-(N-
morpholino)ethanesulfonic acid, commonly employed as a buffering agent, can be 
utilized.10 To reconcile the spectroscopic evidence with the structure, several theoretical 
approaches can be employed. The QM model reported in this thesis can be increased in 
complexity to include peptide carbonyl groups, all metal ions of the OEC and ligands to 
the OEC. Molecular dynamics can be used to model the proton exit pathway and has been 
recently utilized to investigate hydrogen bonding networks in PSII.11 Nuclear quantum 
vibrational perturbation (QVP) method12 can be used to generate models to the vibrational 
frequencies of an acetate probe and can thereby provide more information regarding the 
PSII proton exit pathway.   
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